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The thesis entitled "preparation of superionic conductors by solid state 
reaction", deals with the preparation and electrical conductivity measurements 
of pure and substituted superionic conductors. 
Superionic conductors are solid compounds in which electric current is carried 
by charged atoms, i.e. by ions. The passage of current is thus associated with 
mass transfer. Such ionic conductors are called superionic conductors and 
sometimes "solid electrolytes", by analogy to liquid electrolyte solutions, and 
have permitted development of a new scientific discipline, vi z. solid state 
electrochemistry. The associated technology is termed solid-state ionics, in 
contrast to solid-state electronics. Agl is the most investigated superionic 
conductor, which has high ionic conductivity in its a-phase stable above 147 
"C. Below 147 °C silver iodide exists in several modifications based on zinc 
blend and wurtzite structures, both of which favour ionic diffusion via face 
sharing polyhedra. Although the |3- and y-phases have unexceptional ionic 
conductivities, a phase change occurs at 147 °C, which gives a-silver iodide 
anomalously high ionic conductivity: at the melting point of a-compound, the 
ionic conductivity actually falls. 
Many attempts have been made to stabilize this high conducting phase at room 
temperature, by substitution leading to a growing group of silver ion conductors 
in which the phase transitions temperatures are lower or higher than that of a-
Agl, Hence, the aim is to decrease this temperature or, in other words, stabilize 
the superionic phases at lower temperatures to be suitable for low temperature 
applications. 
In the present work, preparation and electrical conductivity of pure and 
substituted superionic conductors of the following types have been studied. 
1. Pure and Cu^ Cd"^ ^ substituted Ag4Kl5. 
• 2. Pure and Cu^ Cd^ ^ Substituted Ag4Pbl6. 
3. Pure and Cu ,^ i r , Cd^ ^ substituted CsAgjIs. 
4. Pure and CI' substituted Ag2Cdl4. 
X-ray powder diffraction, DSC and electrical conductivity measurements were 
used mainly to confirm the preparation and investigate the properties of these 
superionic conductors. 
Preparations 
All the superionic compounds were prepared by the usual solid state reaction 
method from their corresponding raw materials. The required amounts were 
mixed thoroughly using agate mortar and pestle to produce samples with 
substitution ratio 0-0.4. The mixtures were then heated in an electrical furnace 
at different temperatures for specified periods of time which depend on the 
nature of the various materials. 
X-ray powder diffraction and DSC 
The prepared materials were crushed to fine powders and subjected to X-ray 
powder diffraction and differential scanning calorimetry (DSC). The 
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compounds were identified by comparing their 29 values with the standard 
values of the expected compounds. The sharp phase transitions of the 
compounds were identified from their corresponding thermal arrests in the DSC 
curves. 
Ionic conductivity measurements 
Impedance spectroscopy at room temperature was performed for rectangular 
pellets pressed under pressure of 4 tonnes/cm^, with carbon painted on two 
opposite surfaces of the pellets. The measurements were carried out using 
HI0KI3532-50 LCR meter in the frequency range 40 Hz-5 MHz. 
Ionic conductivity and dielectric constant at a single frequency of 1 kHz were 
measured for circular pellets using GenRad LCR Digbridge in the temperature 
range 303^73 K. The pellet was mounted on stainless steel holder between 
two copper leads using two polished platinum electrodes. The copper leads 
were insulated from the sample holder by Teflon sheets. The pellet was 
annealed between the platinum electrodes before the measurements to 
minimize the grain boundary resistance and to increase the electrical contact 
between the pellet and the electrodes. 
1. Effect of Cation Substitution on the ionic Conductivity of Superionic 
conductor Ag4Kl5. 
Room temperature XRD revealed the presence of the orthorhombic K2Agl3 as 
the major component in the system. DSC traces showed endothermic peaks in 
the temperature range of 309-330 K, depending on the sample composition. 
These are attributed to the soHd state reaction between Agl and K2Agl3 to form 
the cubic KAg4l5. Impedance spectra showed the prominence of electrode -
electrolyte interface effect which is explained in terms of the high rate of ion 
migration. Ionic conductivity of Cd^ ^ substituted samples got enhanced with 
the increased Cd"^ ^ content, while Cu^ substituted samples show decreased 
conductivity with the increased Cu^ content. However, the ionic conductivity 
remained higher than that of the pure one. Dielectric constant too got enhanced 
in the substituted samples and this has been explained in terms of ion hopping. 
2. Ionic Conductivity and Effect oflmmobile Cation Substitution in Binary 
System (AgI)4/5-(Pbl2)i/5 
The ionic conductivity of samples studied was found to increase with 
temperature and an abrupt increase at phase transition temperature was 
observed. The Cd^ ^ substituted samples exhibited lower phase transition 
temperature compared to that of the pure one. The ionic conductivity decreases 
with increase in Cd^ ^ content in pre-transition, while enhanced conductivity 
results in the Cd"^ ^ substituted samples of x < 0.2, in the post-transition region. 
Different resources of investigation confirmed the solubility limit of Cd"^ ^ in the 
high temperature superionic phase to be x = 0.2. The change in ionic 
conductivity of Cd"^ ^ substituted samples is explained by the increase in defect 
concentration and the free volume available in the lattice. The drop in phase 
transition temperature of C(f* substituted systems is attributed to the lattice 
distortion and increase in defect-defect interaction. 
Cu^ substituted samples showed very similar diffractograms to that of the pure 
compound which indicates that no effect for the substitution on the nature of 
the binary system. DSC Curves showed the presence of phase transition whose 
temperature increased with Cu^  ratio in the system. Ionic conductivity 
measurements confirmed the occurrence of the phase transition and showed 
that the high temperature phase is superionic whose conductivity increases with 
the increasing Cu^ amount in the system. 
1. Ionic Conductivity and phase Transition in Cu\ Tl^  and Cd^ ^ 
Substituted CsAg2l3 
The results of room temperature diffractograms showed the possibility of 
stabilizing the high temperature a-phase at lower temperatures in Tl^  
substituted samples while such effect was not observed in Cu^ substituted ones. 
Ionic conductivity measurements show two regions corresponding to the low 
and high temperature phases. The transition temperature between the two 
phases was not affected by Cu"^  substitution while it decreased substantially in 
the case of Tl substitution. This behaviour was explained by the stronger 
defect-defect interaction which was imposed by the replacement with the larger 
size cation. In addition, the ionic conductivity decreased in Cu^ substituted 
samples and enhanced with the incorporation of Tl^  cation in the lattice of 
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CsAg2l3. Dielectric constant was found to show similar behaviour to that of the 
ionic conductivity which is an evidence of the predominant effect of ion 
hopping on this property. Ionic conductivity as a function of temperature 
showed that the high temperature phases in Cd^ ^ substituted samples are 
superionic with the conductivity reaching ~ 0.002 Scm''. 
4. Ionic Conductivity and Phase Transition Behaviour in Cr Substituted 
Ag2Cdl4 
X-ray diffractogram of the CP substituted Ag2Cdl4 samples showed the 
presence of significant amounts of Agl and Cdl2 in addition to the presence of 
tetragonal Ag2Cdl4. DSC traces showed the expected tow phase transition 
temperatures with the decreasing intensity of the second transition at higher 
concentration of CP. Ionic conductivity of CI" substituted samples was 
enhanced at low temperature region, I, while it decreased at higher temperature 
regions, I and 11. 
Lipt of corrections in the light of comments by the Ibreign examiner in the Ph. D. thesis 
of Mr, Mohammed Hassan Ali Saleh. 
Comment 
1- The reference numbers need to be revised. 
Two inconsistencies were apparent to the reviewer. 
On page 20, reference [64] attributed to Yao and Kummer is 
actually listed as [63] at the end of the chapter. On page 70, 
reference [20] attributed to Sevanesan and Gobinathan is 
actually listed as [19] at the end of the chapter. All reference 
numbers should be checked to ensure consistency. 
2- On page 76, Table 2.1, the samples labeled Ags.gCuIo.iKIs, 
Ag3.8CuI0.2KI5, and Ag3.6CuIo4Kl5, should be labeled 
Ag3.9Cuo.1KI5, Ag3.8Cuo.2KI5, and Ag3.6Cuo4Kl5. Similarly, 
the labels Ag3.4Cdo.3KI and Ag3.7Cuo.3KI in Figure 2.4 (page 
71) should lead Ag3.4Cdo.3KI5 and Ag3.7Cuo.3KI5. All such 
labels should be checked to ensure accuracy 
3- For all materials studied in this investigation, sample 
preparation consisted of mixing stoichiometric proportions 
of starting compounds followed by heating for about two 
days. Were the samples sealed in quartz or glass prior to the 
heating? If so, that should be stated explicitly. If not, how 
was sample stoichiometry ensured after heating? In the case 
of iodide-rich samples, heating in air could well result in 
preferential loss of the iodide anion with a resultant change 
in sample stoichiometry. 
Corrections 
The reference numbers have 
been checked through the 
whole thesis. The number of 
the reference which has been 
attributed to Yao and 
Kummer has been corrected 
to be [64] one page 56 as 
indicated in the text in 
chapter one, page 20. 
Similarly the number of the 
reference attributed to 
Sevanesan and Gobinathan 
has been corrected to [20] on 
page 81 as indicated in the 
text in chapter 2, page 70. 
The labels Ag3 9CuIo.iKl5, 
Ag3.8CuI0.2KI5, and 
Ag3.6CuI0.4KI5, page 78 
Table 2.1, have been 
corrected to Ag3.9Cuo.1KI5, 
Ag3.8Cuo.2KI5, and 
Ag3,6CUo4Kl5 
The labels Ag3.4Cdo.3KI and 
Ag3.7Cuo.3KI in Figure 2.4, 
page 71, have been corrected 
to Ag3.4Cdo.3KI5 and 
Ag3.7Cuo.3KI5 
All the materials studied 
have been kept in perfectly 
closed glass tubes during 
annealing process and till the 
time of analysis to ensure the 
sample stoichiometry. This 
statement has been added in 
chapters 2,3,4 and 5 in the 
experimental section, pages 
no. 63, 84, 107, 132. 
4- The samples analyzed in this investigation were prepared 
from reagent-grade compounds of stated purity 99%. This 
coul^ be problematic for the interpretation of conductivity 
measurements since multiple studies (included in the thesis 
references) have shown that modest levels of impurities (1 or 
2 percent) can dramatically change both the magnitude of 
conductivity and the activation energy compared to the pure 
compound. Is it possible to include a listing of the impurities 
and their level of 
presence in the starting compounds so the reader 
can gauge their potential effect on conductivity? Many 
commercial sources of chemical compounds routinely include 
such a list when selling their products. 
5- The inclusion of room-temperature impedance spectra for 
the compounds under investigation highlights the difficulty of 
using a single frequency (1 kHz) to report electrical conductivity 
data. Foi^ example, the circuit models used to describe the 
impedance spectra of Ag4Kl5 and Ag3.4Cdo.3KI in Figure 2.4 
(page 71) would lead one to conclude that bulk sample resistance 
(the impedance intercept on the real axis) of these samples 
would differ by a factor of nearly 100 at room temperature. 
However, the Arrhenius plots of these compounds in Figure 2.5 
(page 73) differ only by a factor of 2 at room temperature. If 
the equipment available for this investigation does not 
include computer-assisted acquisition and analysis capabilities 
that would allow sample resistance to be accurately determined at 
each stabilized temperature, then a more detailed error analysis 
should be mcluded in the thesis. Errors should be estimated for 
both conductivity and activation energy. 
A list of chemicals used in 
the work along with their 
purities and their content of 
impurities as stated in the 
bottles of the chemicals is 
enclosed in page viii. 
The ionic conductivity data 
and activation energies for 
the parent compounds of this 
work have been compared 
with those reported 
previously. The data have 
been presented in figures 2.7, 
3.7,4.9 and 5.5 and tables 
2.4,3.2,4.2 and 5.2 and 
discussed in pages 72,95, 
123 and 141. 
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1.1 Ionic conductivity in solids 
Superionic conductors are those materials that allow microscopic 
movement of ions through their structure leading to exceptionally high (liquid -
like) values of ionic conductivity whilst in the solid state. This behaviour 
typically occurs at elevated temperature and is characterized by rapid diffusion 
of significant fraction of one of the constituent species within an essentially 
rigid framework formed by the species [1]. Some of these solids which are also 
good electronic conductors are often referred to as mixed conductors, while the 
term superionic conductor or fast ion conductors are reserved for good ionic 
conductors with negligible electronic conductivity. These are sometime called 
solid electrolytes as they are often used in electrochemical devices as 
elecfrolytes. 
The study of ionic conduction in solid state was originated in 1838 when 
Michael Faraday reported experiments on ion conducting materials PbF2 and 
Ag2S [2]. The large enhancement of ionic conductivity in Ag2S with increasing 
temperature was difficult to interpret then because it was in strong 
contradiction to the behaviour of metallic phases. In 1851, Hittrof investigated 
the conductivity of Ag2S and CU2S and concluded from decomposition during 
current flow that an elecfrolytic conduction mechanism has to exist in these 
materials [3].The discovery of Na"^  mobility in glass by Warburg as well as the 
first transfer number measurements by Warburg and Tegetmeier are important 
contributions in the study of solid state ionics [4]. The first major discovery 
using superionic conductors was when Nemst invented a lighting device using 
Ytteria (YO2) stabilized Zerconia (Zr02) in 1900 [5]. Tubandt and Lorenz, in 
1914, investigated silver and thallium halides and noticed remarkably high 
conductivity of a - phase of Agl [6]. In 1960s, Silver ion conducting solids 
such as AgsSI [7] and Ag4Ml5 (M = Rb, K, NH4) [8, 9] were discovered. The 
use of AgsSI by Takahashi and Yamamoto [10], RbAg4Kl5 by Arque and 
Owens [11] and Ag4Kl5 by Chandra et al. [12] in electrochemical cells were 
demonstrated soon after this. In 1978, Takahashi et al. [13] discovered a room 
temperature superionic conducting phase in the system RbCl-CuCl-CuI. The 
structure of the phase was investigated by Geller et al. [14] and was given the 
formula RbCu4Cl3l2. 
The substitution of one of the ionic components of Agl led to a large 
number of new superionic conductors. Brightwell and his co-workers [15-18] 
investigated the substitution of silver ion by the divalent cations (Pb^ ,^ Cd^^ , 
Zn and Hg ). These efforts resulted in the discovery of phases with high 
ionic conductivity stable at temperatures below that of a-Agl. These are 
Ag4Pbl6, Ag2Cdl4, Ag2Znl4 and Ag2Hgl4. 
Parallel to this development in silver superionic conductors, there was 
another fast development in another family of fast ion conductors that is oxide 
ion conductors in which oxygen ion is the charge carrier. Takahashi et al. 
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discovered the high oxide ion conductivity of Bi203 and mixed bismuth oxides 
in 1970 [19] and of perovskite materials in 1971 [20]. The first report of 
significant oxygen mobility in a brownmillerite structure was made by 
Goodenough for Ba2ln205 [21]. The conductivity at 800 °C is close to 10"^  
Scm"' (for p(02) = 10'^  atm) and jumps to 10'' Scm'' after an order-disorder 
transition in the oxygen vacancy network. 
Other important developments in fast ion conductors in this period included 
the discovery of fast ion conduction in glasses and polymers by Otto [22] and 
Fenton et al. [23] respectively. 
For ionic crystals, ionic conduction is mainly intrinsic because the crystals 
have thermally created vacant sites in the lattice through which host ions can 
move. The simplest types of thermally created vacant sites (lattice defects) are 
the well known Frenkel and Schottky defects. A Frenkel defect is formed when 
an ion originally at a lattice site moves to an interstitial position, which implies 
that, this process generates two imperfections: a vacancy in the lattice and an 
interstitial ion. A Schottky defect is formed when an ion originally at a lattice 
site diffuses to a surface position, creating one imperfection: a vacancy in the 
lattice. Since the volume and the surface of a crystal must be electrically 
neutral, Schottky defects must be created in pairs: one vacancy created by 
displacing an anion and the other by displacing a cation. It has been found that 
in most alkali halide ionic crystals, probability for the formation of Schottky 
defects is much higher than for Frenkel defects [24]. It can be imagined that for 
large ions, vacant lattice sites must be present for the ionic movement, whereas 
small ions can move through the interstitial space. For nonionic solids, some 
structures may provide channels, allowing ions some space to move. 
The total electrical conductivity (a) of a solid is the sum of the partial 
conductivities of the ionic and electronic charge carriers: 
(T = Zg,//,c, (LI) 
Where c, is the carrier density, qt the charge and //, is the mobility. It is thus 
apparent that two parameters can be modified to increase the conductivity of a 
solid: the carrier concentration and /or the mobility. Armstrong et al. [25] 
proposed some factors responsible for high ionic conductivity in solids: the 
excess acceptable lattice sites for mobile ions, a small energy difference 
between the ordered and disordered mobile ions over these sites and a low heat 
of activation for movement of mobile ions. To describe the transport process 
clearly, we will assume for simplicity that the conductivity is due to the 
movement of one type of ion. We will take the NaCl crystal as example, since 
it is an important and much investigated material. A NaCl lattice contains 
mainly Schottky defects [26], and Na"^  ion is much smaller than CI" ion. So the 
ionic conduction in NaCl can be considered almost entirely due to the 
movement of Na^ ion via Schottky defects. As o-,„„ =qu^n^ the density of ions 
n+ can be considered the density of vacancies in the lattice in which Na"^  ions 
are missing. This is analogous to the case of hole conduction in 
semiconductors, for which the density of holes in the valence band is the 
density of quantum states that are empty (unoccupied by electrons). So in ionic 
crystals, the movement of ions is in fact the movement of vacancies. 
In the absence of an electric field, the probability per unit tune for a 
vacancy to move to a neighboring position is given by 
>. = u„exp(-^) (1.2) 
Where D„ is the number of attempted escapes per second, which is the 
vibration frequency of the ions surrounding the vacancy, and Ei is the activation 
energy, which is the height of the potential barrier. Based on a simple one-
dimensional model, the cation vacancy has equal probability of escape to the 
right or to the left in the absence of an applied field. Under an applied field, the 
probability changes because the barrier height is changed by an amount oiqFa, 
where a is the lattice constant as shown in Figure 1,1 [27]. 
For the vacancy moving in the direction of the field, the probability 
becomes 
W = o„cxv{-{E,+]^qFa}lkT) (1.3) 
and that in the direction opposite to the field becomes 
w'' = o„QXvi-{E,-]^qFa}lkT) (1.4) 
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(a)F=o 
(b)F>o 
Figure 1.1. Schematic illustration of the potential energy barrier hindering the 
transport of a cation vacancy in the lattice: (a) in the absence of an electric field 
and (b) with an applied field F. 
- 8 -
Thus, the velocity of the vacancy can be written as 
V = a{w" - w') = av„ exp(-^){2sinh(M«)} (1.5) 
kT KT 
In the case of low fields, qFa « kT, the last term sinh(qFa/2kT) can be 
approximately equal to qFa/2kT (i.e., the first term of its expansion series). 
Then Equation (1.5) can be simplified to 
v = ^ ^ ^ ^ e x p ( - ^ ) (1.6) 
kT kT 
Hence the mobility can be expressed as 
a'^qv^ E 
^' kT kT (1.7) 
For a three-dimensional NaCl lattice, a central cation vacancy can jump to 
any of the 12 neighboring cation sites; each has a distance 42a from the 
vacancy. If the applied field is in (100) or any crystal direction, four possible 
jumping directions are perpendicular to the field, which will not contribute to 
the conductivity; four jumping directions are in the direction of the field; and 
the remaining four are in the direction opposite to the field. Taking this 
jumping probability into account, the mobility becomes 
Since the vacancy is part of the Schottky defect, we can assume n+ = n^ where 
ris is the equilibrium density of Schottky defects, which is given by 
-9 -
«=A^exp(—^) (1.9) 
2kT 
Where N is the density of the cations in the crystal and Es is the Gibbs free 
energy for the formation of a pair of Schottky defects. Thus, the ionic 
conductivity of NaCl-type ionic crystals can be written as 
BNiAa^vJ ^ E,+EJ2 
cr = -exp(-r' ,J }) (1.10) kT kT 
Where 5 is a temperature-dependent constant taking into account the effect of 
the lattice vibration. By letting 
BN{Aa'qv„) _ E, 
{(y,o„)„ = — 5 and t^ -t, + — 
Equation (1.10) can be simplified to 
^,„„=(^,oJ„exp(-^) (1.11) 
This is called Arrhenius equation. It can be seen that (cr,„J ,^is temperature 
dependent. B also varies with temperature, which makes (o-,„J„ relatively less 
sensitive to temperature. It should be noted that this simple analysis for 
intrinsic ionic conduction is based on an ideal model for binary ionic crystals 
such as NaCl and KCl. Vacancies might also be introduced into the crystal by 
dopants. For example, a small amount of SrCl2 doped into NaCl would 
introduce Na vacancies for the Sr ions. In this case, the ionic conductivity 
depends on the dopant concentration and the temperature. Typical cr„„-T 
characteristics are shown schematically in Figure 1.2. 
The slope in the high-temperature region (intrinsic) reflects the activation 
energy Eg, which consists of the energy required for the creation of vacancies 
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and that required for the movement of the vacancies. The slope in the low 
temperature region (extrinsic) reflects the energy Ei required mainly for the 
movement of the vacancies. 
-11 
<5r 
Intrinsic 
1/7 
Figure 1.2. Schematic illustration of the ionic conductivity - temperature (Ojon 
- 7) characteristics of ionic crystals. Dopant concentration for A is larger than 
that for B. 
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1.2 Classification of superionic conductors 
On the basis of the type of the materials and the mobile ions, the superionic 
conductors can be classified into the following groups: 
1.2.1 Silver and copper ionic conductors 
Below 147 °C silver iodide exists in several modifications based on zinc 
blend and wurtzite structures, both of which favour ionic diffusion via face 
sharing polyhedra. Although the (3- and y-phases have unexceptional ionic 
conductivities, a phase change occurs at 147 ^C, which gives a-silver iodide 
anomalously high ionic conductivity: at the melting point of a-compound, the 
ionic conductivity actually falls. The earliest description of the disordered 
arrangements of ions within a -Agl was provided by powder diffraction studies 
using X- ray radiations [28]. The F ions were found to adopt a body centered 
cubic (bcc) arrangement (space groupImSw). This anion sublattice contains a 
number of interstices available as sites for Ag^, labeled according to the anion 
co-ordination of a cation placed at their center. Specially there are 6 octahedral 
(oct) and 12 tetrahedral (tet) and 24 triagonal (trig) interstices per unit cell 
(Figure 1.3) and two Ag"^per unit cell were proposed to be randomly distributed 
all over these 24 positions [29, 30]. 
This highly disordered picture approximate to a uniform distribution of 
cations over all the free volume not occupied by anions. Analysis of the 
conductivity of a-AgI has involved the concepts of "liquid-like" and "molten" 
13 
Figure 1.3. Crystal structure of a-Agl. Large circles: V ions; filled small 
circles: Octahedral sites; filled squares: tetrahedral sites; filled triangles: 
triagonal sites. Octahedral, tetrahedral, and triagonal sites can be used by Ag^ 
ions. 
sublattice to describe the situation. Many attempts have been made to stabilize 
this high conductivity phase at room temperature, by substitution leading to a 
growing group of silver ion conductors in which the phase transitions 
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temperatures are lower or higher than that of a-Agl. Following McGeehin and 
Hooper [30], the attempts can be classified as follows: 
i) Anion substitution, S^ ^ Br", P04'^ P205"^ , S04"^ W04"l 
ii) Cation substitution, this involved mono and divalent cation substitutions, 
give rise to the well documented MAg4l5 (M = Rb, K and NH4) class of 
compounds with high ionic conductivity over a wide temperature range around 
room temperature and the compounds Ag2Ml4 (M = Cd, Zn, Hg) which have 
high ionic conductivity at higher temperatures. These and other superionic 
conductors derived from silver iodide are listed in Table 1.1. 
A number of Cu^ conducting compounds are also listed in Table 1.1, which 
are mostly analogous to the corresponding silver compounds. They generally 
form the conducting phases at higher temperatures than their silver 
counterparts, and conductivities are lower. Sammells et al. [42] found room 
temperature conductivity in the range of 10""^  to 10"^  Scm"' and activation 
energies for Cu^ motion ranging from 0.12 and 0.29 eV in a series of double 
salts of substituted organic ammonium halides and cuprous halides. 
The structures of many compounds presented in Table 1.1 have been 
resolved and it has been possible to combine this information with the 
conductivity and activation energy data, allowing a few general features of all 
these compounds to be suggested. Principally, these compounds has i) a large 
number of mobile ions (~ 10 cm ) in most cases, ii) a large number of 
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available sites for each mobile ion which have similar energy and 
approximately the same (low) co-ordination, iii) a low potential barrier to the 
motion of the ions, and iv) structures with continuous chains of face sharing 
octahedra and tetrahedra through which ions can diffuse [33]. 
1.2.2 Oxide ion conductors 
Oxide ion conductivity was first observed in Zr02 containing 15% Y2O3 
(ytteria stabilized zerconia or YSZ) by Nemst in the 1890s [43]. In 1937, Baur 
and Preis [44] constructed the first oxide fuel cell fi"om this electrolyte. Since 
that time many oxide systems have been examined as potential electrolytes for 
SOFCs. Figure 1.4 [45] shows the temperature dependence of the ionic 
conductivity of several oxides, indicating that YSZ is by no means the best 
oxide ion conductor. 
Bismuth oxide compositions [46] show the highest conductivity and several 
other formulations superior to YSZ at temperatures below 600^C [47, 48]. 
However, these other oxides have disadvantages such as electronic conduction, 
high cost, and difficulties in processing. The candidate electrolytes can be 
divided into two major structures, the fluorite structure like YSZ and perovskite 
structure like lanthanum gallate. The fluorite structure is a face centered cubic 
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Table 1.1. Some silver and copper fast ion conductors along with temperature 
range of stability and their conductivity at specified temperatures. 
Compound 
AgCl 
AgBr 
a-AgI 
Ag2S 
a-AgsSI 
P-AgsSI 
AgaSBr 
a-Ag2Se 
a-Ag2Te 
a-Ag2Hgl4 
KAg4l5 
RbAg4l5 
NHtAgJs 
Ag6l4W06 
Ag7l4P04 
(CH3)4NAg6l7 
Ag2Cdl4 
Ag2Znl4 
Ag^Pble 
CsAg2l3 
AgsSnlj 
AgAlnOiv 
a-CuBr 
a-CuI 
CU2Hgl4 
RbCuCl3l2 
Range of stability 
1 
150-430 OC 
175-400 °C 
147-mp 555 °C 
-179 °C 
>245 °C 
<235 "C 
<300 °C 
-133 °C 
-150 °C 
51 «C 
>37 °C 
>-155 °C 
>25 ^C 
0-120 °C 
< 172 °C 
<205 
>130 °C 
Stable till mp 220 °C 
>130 °C 
Very stable 
>470 "C 
>407 °C 
>767 "C 
>-53 °C 
Conductivity /Scm'' 
8x10-^ at 200 °C 
8xl0-'^at200 °C 
1 at 150 °C 
3.8 at 200 °C 
0.3 at 25 °C 
0.008 at 25 °C 
2x10-^ at 25 °C 
3.6 at 220 °C 
1 at 220 °C 
9x10-^ °C 
0.08 at 25 "C 
0.21 at 20 °C 
0.002 at 25 °C 
0.047 °C 
0.019 at 25 °C 
0.4 at 20 °C 
3x10-^ at 135 °C 
2x10"^ at 180 V 
0.1 at 130 "C 
1x10"^ at 200 ^C 
0.16 at 130 °C 
6.4x10-^ at 23 "^C 
0.3 at 470 °C 
0.1 at 450 °C 
10-^  at 67 °C 
0.44 at 25 °C 
Reference 
1 1 
[31] 
[32] 
[25, 32] 
[25, 32] 
[25, 33] 
[25, 33] 
[25, 33] 
[25, 33] 
[25, 33] 
[25, 33] 
[34] 
[34] 
[35] 
[36] 
[37] 
[38] 
[39] 
[39] 
[40] 
[41] 
[39] 
[38] 
[25, 32] 
[25, 32] 
[25, 32] 
[14] 
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arrangement of cations with anions occupying all the tetrahedral sites, leading 
to a larger number of octahedral interstitial voids. Thus, this structure is rather 
open and rapid ion diffusion might be expected. At high temperature, zerconia 
has the fluorite structure, stabilized by the addition of divalent or trivalent 
cations such as Ga or Y at lower temperatures. Oxide ion conduction is 
provided by oxide ion vacancies and interstitial oxide ions. 
The perovskites based on the general formula ABO3 comprise a rich family 
of compounds with important applications in solid oxide fuel cells, 
ferroelectrics and oxidation catalysis [49] because the total charges on A and B 
(+6) can be achieved by the combinations of 1+5, 2+4 and 3+2. Due to the high 
stability of the crystal structure and the variety of cations which can be 
accommodated with it, perovskites display a wide variety of properties [45]. 
Many display both ionic and electronic conductivity and so are useful as 
electrodes in SOFCs [50, 51]. Only few perovskites are purely ionic in their 
conduction behaviour [52, 53]. 
1.2.3 Lithium ion conductors 
From a practical point of view, Li"^  conducting solid electrolytes are especially 
important because they enable the development of solid state lithium battery 
with high energy density. Hence the variety of materials have been investigated 
as Li^  conductors. The simplest example is Lil, which does show considerable 
conductivity of ~ 5 x 10"^  Scm'' at room temperature while other lithium 
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Figure 1.4. Temperature dependence of the ionic conductivity for selected 
oxide ion conductors; 1. (Bi203)o.75(Y203)o.25, 2. BaTho.9Gdo.1O3, 3. Lao.g 
Sro.2Gao.8Mgo.2O3, 4. (Ce2)o.8(GdOo.5)o.2, 5. (Zr2)o.8(Sc203)o.i, 6. 
(Zr02)o.9(Y02)o.i, 7. (Zr02)o.87(CaO)o.i3 and 8. Lao.7Cao.7A102.8, (adopted from 
[45]). 
-19-
halides are almost insulators because of the less polarizable nature of their 
halogen ions [54]. Lutz et al. investigated the conductivity of Li-Ml2, (M = 
Mn, Cd, Pb), [55]. The solid solutions that have been obtained exhibited high 
ionic conductivity, e.g. 1 x 10"', 3 x 10"^  and 7x10'^ for materials like Li2Cdl4, 
Li2Pbl4 and Li4Pbl6 respectively. 
The Li doped BPO4 electrolyte is used in all solid state lithium batteries. Jak 
et al. have studied the defect structure of Li-doped BPO4, a nanostructured 
ceramic electrolyte for such batteries [56, 57]. 
Framework oxides based on the LISICONs structure exhibit lithium ion 
conduction and are of special interest because they show high conductivities 
combined with low activation energies. Compounds with LISICONs structure 
of formula LiM^M"' (P04)3 (M^ = Nb, Ta or Ti; M ' " = Al, Cr or Fe) have been 
studied [58, 59]. Among the phosphates investigated, the highest conductivity 
of 1.0 x 10-2 Scm-' at 350°C (Ea = 0.47eV) is exhibited by LiTaAl(P04)3. This 
conductivity is similar to that of LiTi2(P03)4 but the Ta^ and Al'" oxidation 
states are considerably more stable to lithium reduction than Ti '^ so the 
materials may have potentials as electrolytes in lithium batteries. 
1.2.4 Fluoride ion conductors 
In general, the fluoride ion is thought to be more mobile in their solid state 
than oxide ion because it is monovalent and its radius is smaller. Indeed, a 
fluorite type solid solution of fluorite (CdF2) itself with I mol % NaF shows F" 
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conductivity of 2 xlO""^  Scm"* at 350 °C [60] which is far higher than the O"^  
conductivity of ceria stabiUzed zerconia (CSZ) at the same temperature. 
The p-form of PbF2, also having the fluorite structure, exhibits a much 
higher conductivity (1 Scm'') at 400 °C than CaF2 [61, 62]. The ionic 
conductivity of (3-PbF2 shows a rapid, though continuous, increase on heating, 
which levels off at a value indistinguishable from that of the liquid state. It is 
now widely accepted that the value of ionic conductivity observed in superionic 
P-PbF2 is entirely due to the anion diffusion, owing to comparatively large 
energy required for cation defect formation [63]. A variety of mixed fluorides 
with fluorite - type or related structures have been derived from PbF2. Of these, 
PbSnF4 is the best F" conductor to date in a relatively low temperature region. 
1.2.5 Sodium and potassium ion conductors 
The ^alumina family, a series of compounds in the Na20-Al203 system, is 
one of the most important groups of superionic conductors not only because it 
is practically useful for advanced batteries, but also because it is a typical two 
dimensional ionic conductor, from which, various kinds of solid electrolytes 
can be derived. Yao and Kummer reported the ionic conductivity of Na-p-
alumina in 1967 [64]. The crystal structure of the compound is related to AI2O3. 
In the P-AI2O3 structure, planes with sodium ion are intercalated between 
blocks with normal spinel structure, so that a general formula NaAluOn is 
obtained. However, this compound is not stable but it can be stabilized by 
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partial substitution of alumina by divalent cations, such as magnesium, giving 
the p -alumina. The sodium ions are very mobile in the planes so that high 
ionic conductivity can be obtained [65]. The cations such as lithium, silver and 
copper can replace sodium and many corresponding solids have been 
described. The conductivity depends on their ionic radius, and the best 
conductivity has been found for an ion size intermediate between those of 
sodium and potassium [66]. 
The NASICONs (Na superionic conductors) family is another important 
series of Na"^  conductors, the general formula is Nai+xZr2P3-xSixOi2, 0 < x < 3, 
in which the excess charge of the dopant is counterbalanced by sodium ions 
[67]. This material presents an unusually high ionic conductivity, relatively low 
activation energy and a possible solid electrolyte in the high energy sodium 
sulfur battery. 
Kuabara and Takahashi [68] investigated the formation and ionic 
conductivity of |3-alumina type potassium gallate in the system K20-Ga203, 
The specimen with the composition of K20.5Ga203 sintered at 1500 °C showed 
P-phase of hexagonal symmetry similar to Na-|3-Al203, whereas when it was 
sintered at 1200 "C it had (3-phase of rhombohedral system similar to N a - p -
AI2O3. The potassium ion conductivity of the P-phase was about 10'^  Scm'' at 
300 °C and the apparent activation energy for potassium ion conduction was 
about 37 kJ mol''. The authors also studied the gallate in which gallium was 
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substituted with aluminum and iron [69, 70]. These potassium gallates were a 
potassium ion conductors and the potassium ion conductivity decreased with 
the amount of alumina and increased with the amount of iron. 
1.2.6 Proton ion conductors 
Solid proton conductors are of great importance in relation to the 
development of fuel cells, sensors and electrochromic devices. The materials 
with high proton conductivity are included in a separate class, owing to their 
distinctive transport mechanism. These can be usually classified into hydrated 
and hydroxyl oxides. Hydrogen uranyl phosphate (HOO2PO4.4H2O) is one of 
the best examples of hydrated proton conductors [71]. The structure comprises 
layers of uranyl of phosphate ions separated by layers of hydrogen bonded 
water molecules. The structure of deuteriated samples of this material have 
been studied in details by Fitch and others [72 -74]. They found that H2O 
molecules are grouped into square planar arrangements, held together by 
hydrogen bonding. Water molecules in different layers are also bridged by 
hydrogen bonds, which reveal the presence of HsO"^ . The mechanism proposed 
by Fitch has been challenged with alternative models based on HsO"^  migration 
and surface transport [75, 76]. 
Solid acids are another important materials related to proton conductors 
class, which is widely investigated for its possible applications in fuel cells. 
The most important members are CSHSO4, Rb3H(Se04)2 and CSH2PO4 [77, 
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78]. These materials exhibit an ordered arrangement of hydrogen bonds at room 
temperature and, upon slight heating, become structurally disordered with 
increasing proton conductivity of two to three orders of magnitude reaching 
fj 1 
values as high as 10' Scm' . 
1.2.7 Amorphous and polymer ion conductors 
Amorphous materials inherently exhibit three dimensional disorder. The 
advantages of glassy superionic conductors over crystalline ones include 
isotropic conduction, absence of highly resistive and corrosion sensitive grain 
boundaries, wide composition flexibility and ease of fabrication into complex 
and walled structures. Minami et al. found that the conductivity of the glass 
AgI-Ag20-Mo03 is to be 10 to 20 times higher than its corresponding 
crystalline form [79]. Major investigations of amorphous fast ion conductors 
were conducted in 1980s, but the transport mechanism in glasses are 
substantially less understood than in crystalline materials. Most of the interest 
was focused especially on Agl doped silver oxysalts [80, 81]. At low 
temperature, the dc conductivity of these glasses has been found to exhibit 
Arrhenius behavior sunilar to the most glassy ion conductors. However, upon 
increasing the temperature, the dc conductivity increases and approaches high 
ionic conductivity of the order of 10'^  Scm"' near room temperature. Above this 
limit the dc conductivity remains constant and departs from Arrhenius behavior 
at higher temperatures. This non Arrhenius behavior was extensively 
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investigated in detail and attributed to that the vacant sites for mobile ions 
become constant, leading to this phenomenon [82-84]. 
Ionic conductivity could be induced into insulating polymers by dissolving 
ionic salts in them. For example, the polymer could be polyethylene oxide 
(PEO) or polyvinyl alcohol (PVA) and the ion could be Li"^  or Na^ in the form 
of LiC104 or NaCl or KT in the form of NH4SCN. Polymer electrolytes have 
unique properties, thin film forming ability, good processability, flexibility, 
lightweight, elasticity/plasticity, transparency and relatively high ionic 
conductivity [85]. The original motivation for developing such polymers was 
chemical function of ion exchange membranes; however their application were 
extended for other purposes such as fuel cells [86]. The polymer can be 
amorphous or crystalline and both forms exhibit ionic conductivity. 
LiC104:PE0 is an interesting Li"^  ion conductor system [87] in which Li"^  
transport number is 0.5 which implies that both cations and anions are mobile 
which is unusual for Li^ ion conductors. 
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1.3 Phase transition in superionic conductors 
If a crystalline material is capable of existing in two or more polymorphic 
forms, then the process of transformation from one polymorph to the other is a 
phase transition. Phase transition can be classified into two types, first order 
and second order by considering the behavior of the thermodynamic quantities 
such as entropy, heat capacity, volume, etc., on passing from one polymorph to 
the other through the transitions. At equilibrium temperature (or pressure) of a 
phase transition, the Gibbs free energies of the two polymorphs are equal, i.e 
AG = AH-TAS = 0 (1.12) 
Therefore no discontinuity in free energy occurs in passing from one 
polymorph to another. A first order transition is defined as one in which a 
discontinuity occurs in the first derivative of the fi-ee energy with respect to 
temperature and pressure. These derivatives corresponds to entropy and 
volume, respectively, i.e 
^ = -S (1.13) 
dT 
^ = V (1.14) 
dP 
Second order transitions are characterized by discontinuities in the second 
derivative of the free energy, i.e. the heat capacity, Cp, thermal expansion and 
compressibility, P: 
5'G dV 
d'P.; dP, 
= -Vp (1.15) 
8'G 
dPdT 
d^G 
dV 
dTp 
dP 
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ra (1.16) 
- — (1-17) 
dT' dTp T ^ ^ 
First order transition can be detected easily by a discontinuity in volume 
corresponding to change in the crystal structure, DTA or X- ray diffraction 
pattern studies in the case of order-disorder transition [88]. 
The first order transition is a common feature of Ag^ and Cu"^  based halides and 
chalcogenides which exhibit discontinuity in the temperature dependence of 
ionic conductivity plots on passing to the superionic phase through the phase 
transition temperature, while the second is shown by many halides and oxides 
that adopt the fluorite crystal structure [89] and attain the superionic state 
following a gradual and continuous change. Some other superionic materials do 
not have a clear phase transition, but achieve high levels of ionic conduction via 
increased mobility of a (generally fixed) number of thermally activated defects. 
An Arrhenius plot of the temperature dependence of the ionic conductivity for 
this type of superionic conductors shows linear behaviour. Sodium P-aluminas 
are typical superionic materials of this type [90]. 
The interaction of defects with the strain field they induce was proposed to be 
the main motivator for superionic transition to the disordered state of the 
superionic conductor [91]. However, Aniya el al. have made a comparative 
study to clarify to what extent the superionic transition temperature is affected 
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by the functional form of defect interaction and they have reported that when 
the energy difference between the interstitial sites and lattice sites are much 
larger than the thermal energy, the functional form of the defect interaction 
does not play a decisive role in the determination of superionic transition 
temperature [92] 
The effect of the pressure on the superionic transition temperature was 
studied [93]. While the conductivity was almost independent of the pressure 
there was substantial dependence of T^ on P. Applying pressure causes the 
lattice parameters to contract, thus allowing the short range forces to interact 
more closely motivating the change in phase transition temperature [94]. 
The depression of transition temperature was also achieved by substitution 
of one of the ionic components of the superionic compound. Shahi et al. [95] 
studied the effect of substitution of iodide ion on Agl by Br~. This leads to the 
increase of the lattice defects yielding a decrease in T^ . The phase transition 
temperature was found to vary linearly according to the following equation 
T,-To=X[XBrJ (1.18) 
Where Tc and Tg are the P-a transition temperatures of Agl containing Br" ion 
and pure one. 
Significant research efforts have been extended to stabilize the superionic 
phases at room temperature and doping strategy was one of the important 
methods for this purpose [57, 58, 96]. 
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1.4 Preparation of superionic conductors 
The most widely used method for the preparation of superionic conductors 
is the direct reaction between solid reactants called solid state reaction. Though 
solid state reactions were known for a long time, it was only during the last few 
decades that interest has focused on both experimentally and theoretically in 
revealing the secrets of atomic structures of crystals and their reactivity. The 
general problem of solid state reaction is two fold. Firstly, the experimental 
determination of reaction rate and morphology as a function of all independent 
variables and secondly, the calculation of the reaction rates and prediction of 
the morphology under a given set of independent variables in terms of the 
known thermodynamic and transport properties of the system under 
consideration. These require the knowledge of the atomistic mechanism of the 
fundamental steps such as nucleation, phase boundary, sintering and diffusion. 
Such studies provide a valuable aid in furthering the practical utilization of 
reactions in the solid state. 
Real systems are usually in a state of considerable imperfections; lattice 
imperfections influence all types of elementary steps in solid state reactions. 
They often constitute preferred sites for the reaction and nucleation. In 
addition, lattice imperfections makes solid state diffusion possible and enable 
the reactants to reach each other. Although, it has been found in a number of 
solid state reactions that the linear rate law is the initial rate determining step. 
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the atomistic reaction mechanisms are not yet fully understood. This is due to 
the fact that in contrast to the gas-solid reaction, it is extremely difficult to 
study the linear reaction rate as a function of the component activities at solid-
state interfaces. But a knowledge of the reaction rate as a function of the 
independent variables is a pre-requisite for a correct analysis of the atomistic 
reaction steps of a phase boundary reactions. 
Recently, solid state reactions involving lithium compounds are widely 
studied because of their much growing technological applications, e.g. LiFe02 
when used as an electrode in the rechargeable lithium battery, has an edge over 
other LiM02 type oxides (M = 3d transition metals) such as LiN02 an LiCo02, 
due to its lower cost [96 - 98]. On the other hand LiFesOg is a very promising 
ferromagnetic-compound in the microwave field due to its square hysteresis 
loop and high Curie temperature [99]. Several papers have been published 
recently on the kinetic and solid state reactions leading to the preparation of 
superionic conductors involving mercury halides [100 -102], in which the 
products were reasonably pure. There is increasing interest in the study of solid 
state reactions due to much wider applications, and a lot of research is being 
done in some of the best laboratories [103-109] around the world. 
Solids do not usually react together at room temperatures over normal 
timescale and it is necessary to heat them to much higher temperatures in order 
for reaction to occur at an appreciable rate. Moreover, the reaction rate depends 
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to a large degree on the particle size of the reactants, the degree of 
homogenization, and the intimacy of contact between the grains. Sometimes by 
using precursor method to solid state reaction, it is possible to achieve high 
degree of homogenization together with a small particle size and thereby speed 
up the reaction rate. Co-precipitation is one of the most widely used methods as 
a precursor to solid state reaction. In this method, the stoichiometric amounts of 
the starting materials are dissolved in water, the solution then being mixed and 
heated to evaporate the water. The precursors are gradually precipitated 
together and the resulting powder is filtered off and calcined in the usual way, 
but because of the high degree of homogenization, much lower temperatures 
are sufficient for reaction to occur. 
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1.5 Characterization of superionic conductors 
Once the superionic conductor is prepared, the next stage is to determine its 
structure, if this is not already known. For molecular materials, details of 
molecular geometry may be obtained from spectroscopic measurements. 
Alternatively, if the substance is crystalline, X-ray crystallography is used 
which gives information about molecular packing in a crystal. No single 
technique is capable of providing complete characterization of a solid. Rather, a 
variety of techniques are used in combination. Some of the techniques which 
are used frequently in the characterization of superionic solids are discussed 
here: 
1.5.1 X-ray powder diffraction 
X-ray powder diffraction (XRD) is one of the most powerful techniques 
for qualitative and quantitative analysis of crystalline compounds. When a 
material (sample) is irradiated with a parallel beam of monochromatic X-rays, 
the atomic lattice of the sample acts as a three dimensional diffraction grating 
causing the X-ray beam to be diffracted to specific angles. The diffraction 
pattern, that includes position (angles) and intensities of the diffracted beam, 
provides several informations about the sample. Angles are used to calculate 
the interplanar atomic spacings (d-spacing). Hence, every crystalline material 
will give a characteristic diffraction pattern and can act as a unique 
'fingerprint'. An X-ray powder pattern is a set of lines or peaks, each of 
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different intensity and position (d-spacing or Bragg angle, G), on either a strip 
of photographic film or on a length of chart paper (Figure 1.5). For a given 
substance the line positions are essentially fixed and are characteristic of that 
substance. The intensities may vary somewhat from sample to sample, 
depending on the method of sample preparation and the instrumental 
conditions. For identification purposes, principle note is taken of line positions, 
together with a semi-quantitative consideration of intensities. Some of the 
applications of the of X-ray powder diffraction are: 
I. Phase identification: Each crystalline substance has its own characteristic 
powder diffraction pattern, which may be used for its identification. Standard 
patterns are given in the powder diffraction file known as the JCPDS, formerly, 
as the ASTM file. 
II. Determination of accurate unit cell parameters: The position (d-spacing) 
of the lines in a powder pattern is governed by the values of the unit cell 
parameters (a, b, c, a, p, y). Unit cell parameters are normally determined by 
single crystal methods but the values obtained are often accurate to only two or 
three significant figures. 
III. Solid solution lattice parameters: The lattice parameters of solid solution 
series often show a small but detectable variation with composition. This 
provides a useful meaning of characterizing solid solutions and in principle; the 
lattice parameters may be used as an indicator of the composition. 
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Figure 1.5. Schematic X-ray powder diffraction pattern. 
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IV. Crystal structure determination: crystal structure is solved by analyzing 
the intensity of diffracted X-ray beams. Normally single crystal samples are 
used but powders may be used in cases where (a) single crystals are not 
available and (b) the structure is fairly simple and only a limited number of 
atomic co-ordinates must be determined in order to solve the structure. 
V. Particle size measurement: X-ray powder diffraction may be used to 
measure the average crystal size in a powder sample provided the average 
diameter is less than about 200 A. The lines in a powder diffraction pattern are 
of finite breadth but if the particles are very small the lines are broader than 
usual. The broadening increases with decreasing the particle size. The limit is 
reached with particle diameter in the range of 20 to 100 A, and then the lines 
are so broad that they effectively disappear into the background radiations. 
VI. Short-range order in non-crystalline solids: Crystalline solids give 
diffraction patterns that have a number of sharp lines (Figure 1.5). Non-
crystalline solids give diffraction pattern that have small number of very broad 
humps as in Figure 1.6. From these humps, information on local structure may 
be obtained. The resuhs are usually presented as a radial distribution function 
(RDF) as shown in Figure 1.7 [110, 111]. This shows the probability of finding 
an atom as a function of distance from a reference atom. Information is thereby 
obtained on coordination environments and bond distances. 
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VII. Crystal defects and disorder: Certain types of defect and disorder that 
occur in crystalline solids may be detected by a variety of diffraction effects. 
The measurements of particle size from X-ray line broadening have already 
been mentioned. Another possible source of line broadening is strain within the 
crystals. This may be present in plastically deformed (i.e. work hardened) 
metals. The technique of small angle X-ray scattering (SAXS) is used for 
detecting the inhomogeneities on the scale of 10 to 100 A. 
VIII. Quantitative analysis: As motioned earlier, XRD can be used not only 
for qualitative identification but also for quantitative estimation of various 
crystalline phases. This is one of the important advantages of X-ray diffraction 
technique. Several methods have been proposed and successfully used to 
quantify crystalline phases in mixtures. They include external standard method, 
the reference-mtensity ratio (RIR) method, chemical methods and whole 
pattern fitting Rietveld method. Of the available methods, the Rietveld method 
is probably the most accurate and reliable method. Rietveld refinement of X-
ray powder diffraction data can yield considerable amount of crystallographic 
information, in addition to quantitative phase estimation. The Rietveld method 
is a whole pattern fitting least squares technique and uses the entire pattern 
rather than a limited number of reflections to extract required informations. In 
this method, the observed pattern for each phase is compared with the 
calculated one (model using single crystal structure data), and any difference 
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between the two are minimized by refining the structural as well as profile 
related parameters. Since the method uses all lines, several overlapping 
reflections are not a problem. This method can obtain crystallographic 
informations from the data collected on any type of X-ray diffractometer. It has 
also been used for crystal structure refinement, to determine size and strain of 
crystallites. 
1.5.2 High temperature X-ray powder diffraction 
The thermal expansion of, for example, metals is conventionally measured 
by dilatometer using rod-shaped specimens. An alternative and rather 
unconventional method is to use high temperature X-ray powder diffraction 
(HTXR). Using this method, the change in the unit cell parameters with 
temperature is measured and the thermal expansion coefficients may be 
calculated. For cubic materials, the result obtained by dilatometer and HTXR 
should agree well. Exception may arise if the crystal structure changes 
significantly with temperature and, especially, if a significant number of atom 
or ion vacancies are produced at high temperature. In such cases, the coefficient 
determined by dilatometry may exceed the value determined from HTXR. High 
temperature X-ray powder diffi-action is a valuable technique for obtaining 
structural informations on polymorphs and phases that exist only at high 
temperature. It is particularly useful for studying high temperature structures 
that can not be preserved at room temperature by quenching. An example of 
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high temperature structures that can not be preserved at room temperature by 
quenching is a-AgI [112]; the stable room temperature polymorph is a mixture 
of p and y-Agl but this transforms to a-AgI on heating above 147 °C. When a-
Agl is cooled, it reverts rapidly to (3-AgI [113]. The only way to obtain 
structural information on a-AgI is by high temperature X-ray diffraction. 
1.5.3 Neutron diffraction 
Neutron diffraction is a very expensive technique. In order to get a 
sufficiently intense source of neutrons, a nuclear reactor is needed. In spite of 
its high cost, neutron diffraction is a valuable technique and can provide 
information, especially on magnetic materials, which is not attainable with 
other techniques. Generally, it is never used when alternative techniques, such 
as X-ray diffraction, can solve a particular problem. 
Some applications of neutron diffractions are: 
(i) Crystal structure determination 
(ii) Magnetic structure analysis 
1.5.4 Electron diffraction 
For single crystal X-ray diffraction studies it is necessary to have crystals 
that are at least 0.05 mm in diameter. Otherwise, the intensities of the diffracted 
beams are too weak to be detected clearly. The efficiency with which X-rays 
are diffracted is very low. Often, however, crystals as large as 0.05 mm are 
simply not available or can not be prepared. In such cases electron diffraction 
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[114, 115] may be used. This technique makes use of wave properties of 
electrons and because the scattering efficiency of electrons is high, small 
samples may be used. The results take the form of pattern of spots on 
photographic films. Some applications of electron diffraction are: 
(i) Unit cell and space group determination 
(ii) Phase identification 
1.5.5 Impedance Spectroscopy 
Impedance Spectroscopy (IS) has been extensively used in various fields 
such as aqueous corrosion, battery testing and in the developments of 
electrolytes for SOFCs [116]. It is an electrochemical technique where the 
response is analyzed from electrodes and electrolyte upon a small-amplitude 
alternating voltage, which is varied over a wide frequency range. Either one of 
the electrodes or the electrolyte can be the sample. Two or four electrodes are 
used in the setup and the electrolyte can be solid, aqueous or a film [116, 117]. 
Impedance spectroscopy is able to determine a number of parameters related to 
electrochemical kinetics and polarizability, for instance, the polarization 
resistance of corroding electrodes in an aqueous electrolyte, the state-of-charge 
for batteries and the effect of microstructure on the conductivity of the solid 
electrolytes [116]. 
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The complex impedance response from electrodes and electrolyte is 
derived by forming the quota between a sinusoidal alternating signal V(t) and 
the time dependent current response from the sample and electrodes I(t): 
Z(0 = — (1.19) 
m 
Where V{t) = F„ sin 6;^  
7(0 = /(; sm{o)t + 0), 6 = phase angle between V(t) and I(t). 
The strength of the IS method comes from its sensitivity towards the 
polarizability of interfaces either between electrodes and the electrolyte, or 
interfaces within the electrolyte or the polarizability within a dielectric 
medium. Depending on the nature of these entities, they will polarize at 
different frequencies of the applied potential, V(t). A solid electrolyte with the 
time dependent dielectric property 8'(t) subjected to the electric field E(t) will 
have the time dependent polarization P'(t) according to [118]: 
P'it) = {£'-£")£ (1.20) 
Here s" is the permittivity of free space. 
The polarization and the measured capacitance will, hence, be dependent 
on the variation of e'. A schematic relation is shown for arbitrary dielectrics in 
Figure 1.8 [119, 120]. The dielectric loss of the material, e" is also included. 
The dielectric loss reflects the energy that is converted into heat due to dipole 
rearrangements and leakage currents that go through the material. The angle 5 
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between the total current and the charging current is often used to express how 
great the dielectric loss is in a material according to: 
tan<^  = — (1.21) 
s" 
Since the dielectric properties of a medium vary with the applied 
frequency, it is possible to discern which species or interface that is polarized, 
and to quantify properties that are related to polarization. Suppose that it would 
be possible to perform a measurement from 10^ ^ Hz down to 10'^  Hz, then 
informations could be retrieved from the polarization of electrons, atoms, 
dipoles and interfaces as schematically depicted in Figure 1.8. It would then be 
possible to calculate capacitance and conductivity for each of these entities. 
The data from an impedance measurement can be given in the form: 
Z = Z' + Z'' (1.22) 
Here Z' is the real part of the impedance that can be related to a pure resistance 
R, and Z" is the imaginary part that can be related to a capacitance: 
Z" = - i - (1.23) 
jcoC 
Where ; = V ^ and co is the angular frequency, co = 27cf, f is the frequency in 
Hz. 
One of the common ways to display IS data is as Nyquist plots; see Figure 
1.9 [120]. Here the Nyquist plot for a solid ideal dielecfric material is shown. 
Only one semicircle appears in this plot, which means that there probably is 
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just one process that contributes to the polarization in the investigated 
frequency range. If there had been more than one process, additional 
semicircles would appear, provided their time constants x had not been too 
similar. The time constant is defined as: 
T = RC (1.24) 
1.5.6 Thermal analysis 
Thermal analysis includes a group of techniques in which specific physical 
properties of a material are measured as a function of temperature. The 
production of new high-technological materials and the resuhing requirement 
for a more precise characterization of these substances have increased the 
demand for thermal analysis techniques. Current areas of applications include 
environmental measurements, composition analysis, product reliability, 
stability, chemical reactions and dynamic properties. 
An integrated, modem thermal analysis instrument can measure transition 
temperatures, weight losses, energies of transitions, dimensional changes, 
modulus changes and viscoelastic properties. Thermal analysis is useful in both 
quantitative as well as quantitative analysis. Samples may be identified and 
characterized by qualitative investigations of their thermal behaviour. 
Informations concerning the detailed structure and composition of different 
phases of a given samples obtained from the analysis of thermal data. 
Quantitative results are obtained from changes in weight and enthalpy as the 
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sample is heated. The temperature of phases change and reaction as well as 
heats of the reaction is used to determine the purity of the materials. The use of 
microprecessors has both enhanced and simplified the techniques of thermal 
analysis. The multitasking capabilities of some computer systems allow a 
single microcomputer to operate several thermal analyzers simultaneously and 
independently [121]. 
1.5.6.1 Differential Scanning Calorimeiry (DSC) 
Differential scanning Calorimetry has become the most widely used 
thermal analysis technique. In this technique, the sample and the reference 
materials are subjected to precisely programmed temperature change, when a 
thermal transition (a chemical or physical change that results in the emission or 
absorption of heat) occurs in the sample, thermal energy is added to either the 
sample or the reference containers in order to maintain both the samples and 
the reference at the same temperature. Because the energy transferred is exactly 
equivalent in magnitude to the energy absorbed or evolved in the transition, the 
balancing energy yields a direct calorimetric measurement of the transition 
energy. Since DSC can measure directly the temperature and enthalpy of a 
transition or the heat of a reaction, it is often substituted for differential thermal 
analysis as a means of determining these quantities except in certain high 
temperature applications. 
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1.5.6.2 Differential thermal analysis (DTA) 
In differential thermal analysis, the difference in temperature between the 
sample and a thermally inert reference material is measured as a function of 
temperature (usually the sample temperature). Any transition that the sample 
undergoes results in liberation or absorption of energy by the sample with a 
corresponding deviation of its temperature from that of the reference. A plot of 
differential temperature, AT, versus the programmed temperature, T, indicates 
the transition temperature(s) and whether the transition is exothermic or 
endothermic. DTA and themogravimetric analysis (measurement of the change 
in weight as a function of temperature) are often run simultaneously on a single 
sample. DTA is very similar to DSC. A sample and inert reference are also 
used in DSC, but the cells are designed differently. 
A useful ploy is to follow the thermal changes on cooling as well on 
heating. This enables separation of reversible changes, such as 
melting/solidification, from irreversible changes such as most decomposition 
reactions. A schematic DSC/DTA sequence illustrating reversible and 
irreversible change is shown in Figure 1.10(a). Starting with a hydrated 
material, dehydration is the first event that occurs on heating and appears as an 
endotherm. The dehydrated material undergoes a polymorphic transition, which 
is also endothermic, at some higher temperature. Finally, the sample melts, 
giving the third endothermic. On cooling, the melt crystallizes, as shown by 
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exothermic peak, and the polymorphic change also occurs, exothermatically, on 
cooling, but rehydration does not occur. The diagram shows two reversible and 
one irreversible processes on cooling and must be exothermic. On studying 
reversible processes, which are observed both on heating and cooling, it is 
common to observe hysteresis; for instance, the exhotherm that appears on 
cooling may be displaced to occur at lower temperatures than the 
corresponding endotherm, which appears on heating. Ideally, the two processes 
occur at the same temperature but hysteresis ranging from a few degrees to 
several hundred degrees is commonplace. The two reversible changes in Figure 
1.10(a) shown by definite hysteresis. 
The universal applicability of DTA and DSC has led to their use in nearly 
every field of science, with strong emphasis on solving problems in materials 
technology and engineering, as well in "pure" scientific investigations. The 
approach here is to divide the subject according to the basic features of a 
DSC/DTA curve; Figure 1.10(b) shows most of the general features likely to be 
encountered. At the start of the heating, an offset, O, is usually apparent, which 
is due to an imbalance in the thermal capacities of the sample pan and its 
contents, and the reference pan and its contents. In the absence of any discrete 
physical or chemical transformations, the baseline signal, as at B above, is 
related to the heat capacity of the sample. DSC allows this parameter to be 
determined with good accuracy over a wide temperature range. The 
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conventional approach is to compare the signals obtained for the sample above 
to that given by an empty pan, with the signal obtained for a standard material 
usually sapphire, under the same conditions. Careful experimental technique is 
required to obtain accurate results, but heat capacities can be routinely 
measured to accuracies better than ±1%. The DSC/DTA curve may show a 
change, as at S in the curve, reflecting a change in heat capacity not 
accompanied by a discrete enthalpy change. The most common example, and a 
major application area of DSC, is the glass transition temperature (Tg) seen in 
amorphous polymers. This important region, in which the material changes 
from a rigid glassy state to a rubber, or very viscous liquid state, may be 
analyzed to give a wealth of information about the material. 
The DSC/DTA curve may show an exothermic or endothermic peak, as at 
EX and EN in the curve. The enthalpy changes associated with the events 
occurring are given by the area under the peaks. Peaks may be characterized by 
(i) Position (i.e. start, end, extrapolated onset and peak 
temperature) 
(ii) Size (related to the amount of material and energy of the 
reaction) 
(iii) Shape (which can be related to the kinetics of the process) 
Solid-solid reactions, such as those occurring in pyrotechnics as well as the 
decomposition characteristics of high explosives may be examined. The ability 
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of DSC to use small amount samples is clearly of benefit here. Provided the 
heating rate and/or sample size is kept small enough, the rapid "runaway" 
reaction typical of these materials can be carried out in a controlled manner, 
and have been studied in detail. 
-51-
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Cfiapter 2 
Effect of Cation Substitution on the Ionic 
Conductivity of Superionic conductor Ag4Kl5 
-62-
2.1 Introduction 
Superionic conductors are class of materials that exhibit exceptionally high 
ionic conductivity in the solid state. Their wide applications in microbatteries, 
sensors, smart devices etc. encourage many investigators to study their 
properties in order to produce even further improved materials. It was reported 
that high ionic conductivity in this class occurs by motion of the charge carriers 
through liquid like lattice (disordered materials) or through channels in layer 
materials [1]. 
Agl is the most investigated superionic conductor which has high ionic 
conductivity in its a-phase stable above 420 K. Its ionic conductivity was 
attributed to the highly disordered structure of the a-phase. Extensive efforts 
have been made to bring the liquid like structure of this phase to lower 
temperatures [2-4]. Among the strategies which were followed for this purpose, 
modification of the crystal structure have been done by introducing iso and 
aliovalent cations in the lattice of the compound [5-8]. 
Agl-KI is one such system in which K^ ions were incorporated into the 
lattice of Agl. The phase diagram of the system was studied by many authors 
[9-11]. All studies indicated the presence of a highly conducting compound of 
the formula Ag4Kl5 and a non conducting one of the formula AgK2l3. The 
structures of the two compounds are to be primitive cubic and orthorhombic 
unit cells respectively [12, 13]. 
-63-
In this chapter, the effect of substitution of mobile cation Ag"^  by Cu^ and 
Cd"^ ^ in Ag4Kl5 was investigated. Substitution of Ag"*" by Cu"^  is expected to 
enhance the ionic conductivity of Ag4Kl5 since Cu^ is smaller in size and can 
move faster. Ionic conductivity can also be promoted by introducing divalent 
Cd"^ ^ ion which increases the vacancy concentration in the lattice and hence 
facilitating the motion of the mobile cation Ag"^ . Moreover, Ag^KIs was 
reported to be stable above ~ 36 °C and below this temperature it 
disproportionates to Agl and AgK2l3. The substitution of Ag^ ions may modify 
the structure and stabilize the compound at room temperature. 
2.2 Experimental 
Agl was prepared by precipitation using AR grade AgNOs and KI. Cul and 
Cdl2 were taken from Ottockemi and LobaCheme, India, respectively with 
stated purity of 99%. The required amounts of the raw materials were mixed in 
an agate mortar for an hour to prepare the two series Ag4.2xCdxKl5 and Ag4. 
xCUxKIs, followed by heating at 473 K for 48 K. The slowly cooled materials 
were then crushed to fine powder. The powder materials were white coloured at 
the time of preparation and turned to yellow when left in the atmosphere, hence 
they were kept in perfectly closed glass tubes during the annealing process and 
till the time of analysis. Themogravimetric analysis of the samples showed 
weight loss due to moisture content of less than 1.5% at about 200 °C. 
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Circular pellets of 4.524 cm^ surface area and 0.1 cm thickness were made by 
hydraulic press machine at a pressure of about 4 tonnes /cm . The conductivity 
and capacitance measurements were performed by means of the two probe 
method. The pellet was mounted on stainless steel holder between copper leads 
using two polished platinum electrodes. The copper leads were insulated from 
the sample holder by Teflon sheets. The pellet was annealed at 310 K between 
the platinum electrodes for 8 hours to increase the electrical contact and to 
minimize the grain boundary effects. The electrical measurements were done in 
the temperature range of 303-473 K using GenRad 1659 RLC Digbridge at a 
fixed frequency of 1 kHz. The heating rate was maintained at 0.5 K/min. Our 
measurements at this frequency were found to be in the same order as those 
reported previously using different technique, though the electrodes were 
different in the two studies [14]. 
DSC scanning was traced by Perkin Elmer instrument using Alumina powder 
as a reference and measured the temperature with the accuracy of ± 0.5 °C. The 
heating rate was kept at 10 K/min. Impedance measurements were performed 
using HIOKI3532-50 LCR meter in the frequency range of 40 Hz-5 MHz, with 
carbon was painted on the two opposite surfaces of the pellet. Room 
temperature XRD was done by RIGAKU D/MAX-B diffractometer with CuKa 
radiation. 
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2.3 Results and discussion 
2.3.1 X-ray and DSC 
X-Ray diffractograms of the samples taken at room temperature are presented 
in Figures 2.land 2.2. They showed the presence of a prominent phase which is 
orthorhombic AgK2l3 in Cu"^  substituted samples while Agl was the prominent 
in the case of Cd^ ^ substituted ones. The lattice constants of the orthorhombic 
phase were calculated using Powderx program and presented in Table 2.1. 
There is a good agreement between these values and those reported previously 
[8, 9, and 12]. No peaks related to Ag4Kl5 were detected. Peaks with a very low 
intensity were observed and hence can be attributed to the substituents, Cul and 
Cdl2, which were not incorporated into the lattice of AgK2l3. These results are 
consistent with those of the previous investigations which indicates that Ag4Kl5 
disproportionate below 309 K to Agl and AgK2l3. 
DSC traces of the pure and substituted samples are depicted in Figure 2.3. DSC 
of the pure material showed two arrests, the first is little broad initiated at 36 °C 
and the second is sharp at 254 °C. The former is for the occurrence of the 
reaction between Agl and AgK2l3 to form Ag4Kl5, and the latter is for the 
incongruent melting of Ag4Kl5. The substituted samples showed the first 
thermal arrest in the temperature range of 40-55 °C and the second in the range 
of 243-256 °C. Thermal arrests have been observed in most of the substituted 
samples in the temperature range of 142-166 ^C and these are related to small 
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Figure 2.3. DSC scanning of the samples: 1. Ag4Kl5, 2. AgsgCdo.iKIs, 
3. Ag3.6Cdo.2KI5,4. Ag3.2Cd 0.4KI5, 5. AgI3.9Cuo.1KI5, 
6. Ag3.8Cuo.2KI5, 7. Ag3.6Cuo.4KI5. 
-68-
amounts of Agl. Hence Ag4Kl5 got destabilized upon incorporation of foreign 
ions into its lattice. The substitution has stabilized AgK2l3 other than the target 
compound. This may be due to the Cu"^  and Cd"^ '^  being smaller in size than Ag^ 
and can be accommodated easily by the smaller size lattice of AgK2l3. The 
temperatures corresponding to these arrests are summarized in Table 2.2. 
Bradley et al. [9] observed broad peak in his DSC and indicated the occurrence 
of the following two reactions: 
7AgI+AgK2l3 ^ • 2Ag4Kl5 (2.1) 
4AgK2l3 ., • Ag4Kl5 + 7KI (2.2) 
However our measurements showed only one peak with intermediate 
broadness initiated at 36 *^ C. No other peaks were observed in the temperature 
range 130-140 *^C as indicated by Bradley et al. It is therefore suggested that 
the occurrence of only one reaction, the first one since Agl was detected in the 
X- ray powder analysis. 
2.3.2 Ionic conductivity 
In the complex impedance plots (Figure 2.4), the pure sample showed a 
spike at lower frequency and small part of a depressed semicircle at higher 
frequencies. The spike is related to the interfacial effects between the electrode 
and electrolyte while the semicircle can be attributed to the bulk resistance of 
the samples assuming the grain boundary effect to be the minor. The 
substituted samples show similar behavior with the difference that the spike is 
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now extended to the higher range of frequencies and no part of the semicircle is 
seen within the limits of our measurements. These results indicted very high 
diffusive trend of the mobile ions resulting in a space charge layer causing this 
type of impedance behavior known as Warburg impedance. This behavior is 
normal for high conducting phases and has been observed in many materials 
[15]. 
The temperature dependence of ionic conductivity is given by the 
Arrhenius expression, 
oT = (Jo exp (-Ea/kT) (2.3) 
Where (TQ is the pre-exponential factor and Ea is the activation energy of ionic 
motion. 
4-') 
Introduction of Cd into the lattice of Ag4Kl5 has decreased the ionic 
conductivity at lower concentration of Cd^ ^ (Figure 2.5), while increase in the 
concentration further leads to the enhancement of the ionic conductivities 
beyond that of the pure compound. The conductivity increased gradually with 
the increase of Cd^ ^ content. This is expected because substitution of Ag^ by 
non mobile divalent cation Cd has two opposite effects; the first is 
diminishing of the ionic conductivity due to the decrease in the number of 
charge carriers Ag"^  ions in the lattice, secondly, rising of the ionic conductivity 
by increasing the vacancy concentration due to the charge compensation. The 
first effect is prominent at lower concentration of Cd"^ ^ while the second effect 
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is important when the concentration is x > 0.2. This behavior of Cd^ ^ 
substituted systems is well observed in related works [16, 17 and 18]. 
Ionic conductivity in Cu^ substituted samples (Figure 2.6) got enhanced; 
however, it has decreased with the further increase of the Cu"^  content. The 
enhanced ionic conductivity resulted either from an increased concentration of 
the crystalline defects or from the increased free volume which results from 
copper ions entering the lattice [19]. Small rise in the conductivity was 
observed in the temperature range 333 K-353 K which is also seen as a broad 
endothermic arrest at about this range. Sevanesan and Gobinathan [20] have 
observed this change as a knee in the conductivity curves of all compositions in 
the system Agl-CuI-KI in the temperature range 328-350 K. This peak 
corresponds to phase change occurred within the sample. This might have been 
initiated at lower temperature than 333 K, but due to the slow rate of the 
reaction, it was observed only at higher temperature in the conductivity 
measurements. 
Activation energies calculated from the slope of Arrhenius plots are 
presented in Table 2.3. The activation energy of conduction in the sample 
where x = 0 is found to be in excellent agreement with the value reported 
previously [14] while the substituted samples showed higher activation 
energies. The smaller sizes of Cu^ and Cd"^ ^ cause confraction of the lattice 
which lead to the decrease of the bottle neck size through which hopping of the 
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Figure 2.4. Complex impedance plot of the samples: a. Ag4Kl5, 
b. Ag3.4Cdo.3KI5, C. Ag3,7CUo.3Kl5. 
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mobile ions takes place resulting in higher activation energies in the 
substituted samples. However, the activation energy decreases gradually on 
increasing of the amount of the substituent ions. This is due to the higher 
concentration of defects which facilitates the ionic diffusion at higher 
concentration of the substituents. This behavior is in agreement with those 
observed with similar investigations [21, 22]. 
As shown in Figure 2.7, our conductivity measurements agree well with 
previous measurements for the compound Ag4Kl5, and fall within the standard 
deviation from the mean at each stable temperature. It is observed that in some 
cases our measurements are one order of magnitude lower than those reported 
previously; however, good agreement is observed in the value of activation 
energy compared to other studies (Table 2.4). 
2.3.3 Dielectric constant 
The dielectric constant of the samples in the temperature range 303-473 K 
at 1 kHz were calculated from the measured capacitance values using the 
relation [23] 
f = 11.3 C (t/A) (2.4) 
Where C is the capacitance in pF, t and A are the thickness of the pellet in cm 
and its surface area in cm respectively. 
The plots of logarithms of dielectric constant versus temperature are presented 
in Figures 2.8 and 2.9 for Cd and Cu substituted samples respectively. An 
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increase in the dielectric constant with temperature was observed in the whole 
temperature range studied with the rapid increase observed in the temperature 
range of 320-420 K depending upon the amount of the subsistent. The rise in 
the dielectric constant is associated with the formation of the cubic phase of 
Ag4Kl5. The formation of this phase has increased the dielectric constant due to 
the high rate of migration of the charge carriers creating double layer at the 
electrode-electrolyte interface [24, 25]. The rapid increase reached a point after 
which slowness is observed. This saturation behavior can be attributed to the 
maximum structural disorder attained at this point. The dielectric constant has 
increased in the substituted samples as a result of the rise of ionic conductivity 
compared to the pure sample. 
2.4 Conclusion 
Substitution of Ag"^  by Cd"^ ^ and Cu"^  in Ag4Kl5 was investigated in an 
attempt to enhance the ionic conduction and stabilize this compound at ambient 
temperature. The first target was achieved by getting higher ionic conductivity 
in the Cd and Cu substituted samples, while the second could not be 
obtained. Impedance spectra showed the prominence of electrode-electrolyte 
interface effect due to the high level of structural disorders. The dielectric 
constant also got enhanced in the substituted samples compared to the pure one. 
It showed sensitivity to the concentration of the effective component in the 
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mixture which is Ag4Kl5 in our study. This property can be utilized to study the 
solid state reactions. 
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Table 2.1. Calculated lattice parameters of the orthorhombic phase Ag2Kl3 
formed at room temperature as a result of the disproportionation of the 
cubic phase in the series Ag4.2xCdxKl5 and Ag4.xCuxKl5. 
Sample a /A b/A c /A 
4.720 19.473 
4.760 19.468 
4.832 19.456 
4.731 19.507 
4.746 19.469 
4.746 19.300 
Ag4Kl5 
Ags.sCdo.iKIs 
Ag3..6Cdo.2Kl5 
Ag3.9Cuo.1KI5 
Ag3.8Cuo.2KI5 
Ag3.6Cuo.4KI5 
9.921 
10.000 
9.995 
9.778 
9.879 
9.999 
Table 2.2. Transition temperatures to the cubic Ag4Kl5 phase and congruent 
melting points of pure and Cd"^ /^Cu"^  substituted Ag4Kl5 samples. 
Transition 
temperature 
(»C) 
Melting 
point 
(»C) 
sample 
Transition 
temperature 
(»C) 
Melting 
point 
(»C) 
sample 
A4KI5 36 254 Ag3.9Cuo.,Kl5 43 255 
Ag3.8Cdo.1KI5 45 252 Ag3.8Cuo.2KI5 43 255 
Ag3.6Cdo.2KI5 52 250 Ag3.6Cuo.4KI5 43 255 
Ag3.2Cdo.4KI5 60 243 
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Table 2.3. Activation energies of conduction of pure and Cd /Cu substituted 
Ag4Kl5 samples. 
Sample 
Activation energy of 
conduction (eV) 
Sample 
Activation energy of 
conduction (eV) 
A4KI5 
Ag3.8cdo.lKI5 
Ag3.6cdo.2KI5 
Ag3.4cdo.3KI5 
Ag3.2cdo.4KI5 
0.045 
0.069 
0.065 
0.064 
0.062 
Ag3.9Cuo.1KI5 
Ag3.8Cuo.2KI5 
Ag3.7Cuo.3KI5 
Ag3.6Cuo.4KI5 
0.171 
0.170 
0.108 
0.093 
Table 2.4. Comparison of the activation energy of the compound Ag4Kl5 with 
the values reported previously 
Source Activation energy (eV) 
Ref. 26 
Ref. 5 
Ref. 9 
This work 
0.073 
0.104 
0.067 
0.045 
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Cftapter 3 
Ionic Conductivity and Effect of Immobile Cation 
Substitution in Binary System (Agl)4/5-(Pbl2)i/5 
-83-
3.1 Introduction 
A large number of solids are known to exhibit ionic conduction comparable 
to those of melts and liquids [1]. Due to their wide applications in batteries, 
large numbers of researchers are working on their transport properties [2-4]. 
Agl is the most prominent superionic conductor which has the highest 
ionic conductivity in its a-phase. At ambient temperature, it exists as a mixture 
of Y and P phases having the hexagonal wurtzite and zinc blend crystal 
structures respectively. On heating, transition to superionic phase occurs at 420 
K with an abrupt increase in the conductivity to a value over 1 Scm-'[5]. 
Doping the compound with homo and heterovalent cations results in the 
lowering of phase transition temperature [6-8]. 
(AgI)x(Pbl2)i-x is one such system which has been studied extensively 
owing to the improved transport properties of Agl. The phase diagram of the 
system was studied by many workers [9-12]. The recent work by Hull et al. [5] 
has shown that the system contains only a single superionic phase stable at T > 
400 K (x = 4/5) and T > 420 K (x = 2/3). This phase has ionic conductivity of 
0.1 Scm'\ The structure of the phase has been resolved and was found to have 
an fee Structure V sublattice with majority of cations (over 90%) located in 
octahedral 4(b) cavities and the remainder within tetrahedral 8(c) interstices. 
Extensive work has been done to study the effect of substitution of mobile 
cation on the ionic conductivity of Agl based superionic conductors. However, 
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not much work seems to have been done on the substitution of immobile 
cations. The present work is an attempt to study the effect of substitution of 
immobile cation Pb"^ ^ by Cd"^ ^ and Cu^ on the ionic conductivity, phase 
transition temperature and dielectric constant of (AgI)4/5-(Pbl2)i/5 system. 
3.2 Experimental 
Agl was prepared by the precipitation from ammonical silver nitrate 
solution by the addition of ammonium iodide solution. Pbli was prepared by 
precipitation from lead nitrate solution by potassium iodide. Cdia and Cul were 
taken from LobaCheme and Ottockemi, India, respectively with stated purity of 
99%. Appropriate amounts of the starting materials were mixed to produce the 
two series Ag4Pbi.xCdxl6 and Ag4Pbi.xCu2xl6 where x = 0 - 0.4. The materials 
were then heated for 20 hrs at 480 K with intermittent grinding. The produced 
materials were then kept in perfectly closed glass tubes during the annealing 
process and till the time of analysis. Pellets for conductivity and capacitance 
measurements were prepared by pouring different molar ratio mixtures into 
stainless steel die and pressed under the pressure of 4 tonnes/cm with the help 
of a hydraulic press. All the samples were annealed at 310 K for 6 hours to 
eliminate any grain boundary effects. The pellet was mounted on stainless steel 
sample holder between two copper leads using two polished platinum 
electrodes. The copper leads were electrically insulated from the holder by 
Teflon sheets. The electrical conductivity and capacitance of samples were 
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measured in the temperature range of 300 K- 470 K using Gen Rad 1659 RLC 
Digibridge at a single frequency of IKHz. The heating rate was maintained at 
0.5 K /min. Impedance measurements were performed for rectangular pellet 
using HIOKI3532-50 LCR meter in the frequency rang 40 Hz - 5 MHz, with 
carbon painted on the two opposite surfaces of the pellet. DSC scanning was 
traced by Perkin Elmer instrument using alumina as a reference. XRD were 
recorded using RIGAKU D/MAX-B diffractometer with CuKa radiation. 
3.3 Results and discussion 
3.3.1 Materials characterization 
Room temperature powder X-ray diffractograms of AgiPbi.xCdxIe samples 
are presented in Figure 3.1. Careful analyses reveal that for the pure material 
the peaks obtained at 29 =23.735, 39.220, 46.353, 56.353, 62.273, 71.074, and 
the peaks at 28 = 26.162, 28.214, 31.104, 38.635, 41.647, 49.222, 51.148, 
54.927, 56.620, 58.533, 63.9491 can be attributed to Agl and Pbiz respectively 
[5]. XRD of the Cd substituted samples shows slight shifts in the above-
mentioned peaks and additional peaks belong to other phases which can be 
Cdli and its compounds with Agl. In particular the peaks at 20 ~ 24.850, 40.342 
and 47.760 can be attributed to the Ag2Cdl4 and 26 = 25.33° originated from 
(101) reflections of Cdl2 [13]. The intensities of these peaks rise with the 
increased Cd^ ^ content. The shifts to lower 20 in the diffractograms of the 
substituted samples are very small and are probably due to the interfacial 
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stacking faults between P- and y-Agl. This type of imperfections was reported 
to affect the positions and intensities of Debye Unes in Agl [14, 15]. 
(AgI)4(Pbl2)i.x (Cul)2x samples show very similar diffractograms to that of 
the pure system (Figure 3.2). Substitution by Cu"^  does not seem to affect the 
crystal structure of the final mixture and the amounts of Cu"^  were absorbed in 
the lattices of the binary system. 
Phase transition temperatures of the samples measured by DSC are 
summarized in Table 3.1, and its variation with the content of the substituent, x, 
is presented in Figure 3.3. The phase transition temperature has decreased in 
the samples of Ag4Pbi.xCdxl6 by 5 K and 6 K with x = 0.1 and x = 0.2 
respectively. The phase transition temperature became independent of Cd"^ ^ 
ratio on increasing beyond x = 0.2. This suggests that x = 0.2 is the solubility 
limit of Cd in the system (AgI)4/5-(Pbl2)i/5. The phase diagram of Agl-Pbl2 
proved the presence of Ag4Pbl6 at temperatures above 420 K [10]. Addition of 
Cdl2 increased the number of phases in low temperature region and made the 
system more complex. Agl and Cdl2 are expected to form Ag2Cdl4 which has 
good ionic conductivity at intermediate temperatures [13]. Hence Agl, Pbl2, 
Cdl2 and Ag2Cdl4 are likely to be present in the low temperature region. The 
fee superionic phase is formed in the high temperature region ( >Tc) as the 
main constituent until the amount of Cdl2 is x < 0.2. The increased Cdl2 amount 
beyond x = 0.2 leads to Cdl2 precipitation. 
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The phase transition temperature of Ag4Pbi.xCu2xl6 samples increased with the 
increased Cu"*^  ratio and kept on increasing without any saturation observed 
within the concentration range studied. This indicates that the Cu^ amounts 
added were absorbed easily by the lattice of the pure superionic phase. The p-a 
transition temperature in Agl has also increased upon incorporating Cu"^  in the 
lattice [16]. No Other peaks were observed in the DSC curves of these samples 
other than very weak arrest which was detected at 177 *^C in the Ag4Pbo.6Cuo.8l6 
sample that might have been resuhed from insignificant decomposition of the 
superionic phase at high concentrations of Cu"^ . 
The variation in the phase transition temperature with the incorporation of 
substituent ion can be attributed to two reasons: (i) the distortion of the lattice 
results due to the "wrong" size of the substituent and (ii) the increase of defects 
concentration in the lattice leads to stronger defect-defect interaction which 
affects the phase transition temperature. The relation between the defect-defect 
interaction and phase transition temperature is given [17], 
W -~ 
T = 2 — (3.1) 
K(\ + Inv) 
where W is the energy difference between the interstitial position and the lattice 
sites, A, represents the defect-defect interaction parameter and 
v^dcoJco^fiNjN^)), coi and CO2 are the vibration frequencies of the ions at 
interstitial positions and lattice sites and N] and N2 are the number of 
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interstitials and original lattice sites per unit volume. According to this model, 
the Cd"^ ^ and Cu"^  substitutions appear to have opposite effects on X. However, 
the crucial role in affecting the phase transition temperature arises from lattice 
distortion which is proportional to size mismatch between the host and guest 
cation [18]. 
3.3.2 Ionic conductivity 
Complex impedance plots of the investigated samples are shown in 
Figures 3.4(a and b). They are typical plots of ionic conductors showing a 
semicircle at high frequency side and a spike at lower frequency. However, two 
overlapped semicircles are shown in the case of Ag4Pbo.7Cuo.6l6 sample, the one 
at higher frequency resulted from bulk resistance while that at low frequency 
results from grain boundary resistance contribution. The relaxation times of the 
two contributions are very close in other samples which results in a depressed 
semicircle. The spike in the lower frequency range is attributed to the blocking 
electrodes due to ion migration. The appearance of the spikes is an indication 
that the conduction in these materials is ionic in nature [19]. 
The temperature dependence of ionic conductivity is given by the 
Arrhenius expression, 
crr = aoexp(-^) (3.2) 
Where ao is the pre-exponential factor and Ea is the activation energy of ionic 
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Figure 3.4(a). Impedance spectra of the samples of Ag4Pbi.xCdxl6 at room 
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motion. Arrhenius plots of the samples Ag4Pbi.xCdxl6 are shown in Figure 3.5. 
Slight increase in the ionic conductivity in high temperature superionic phase 
was observed in samples substituted up to x = 0.2. Increase in the amount of the 
substituent beyond this limit results in decreasing the ionic conductivity below 
that of the pure sample. This confirmed the solubility limit of Cd in the high 
temperature phase to be x = 0.2. The enhancement of the ionic conductivity of 
the substituted samples (x= 0.1 and x= 0.2) in the high temperature phases can 
be attributed to the increase in the defect concentration results from lattice 
distortion due to the replacement of larger size cation (r pb+2=133 pm, CN = 6) 
by the smaller size cation (rcd+2= 109 pm, CN = 6) [20]. At low temperature, 
below phase transition, the conductivity of the substituted samples gone below 
that of the pure one and decreased with the increase in the Cd"^ ^ content. The 
Cd"^ ^ does not seem to replace Pb"^ ^ in the low temperature region, however, the 
effect of the substituent is to change the nature of the mixture (AgI)4/5-(Pbl2)i/5 
which gives higher ionic conductivity than that of Agl whereas substituted 
samples show comparable values to that of Agl. The presence of Cdl2 in the 
system might have changed the equilibrium between the |^and y-polymorphs 
of Agl. The equilibrium might have been shifted towards formation of P-AgI 
which has less ionic conductivity than that of the y-form [21]. For comparison, 
the ionic conductivity values of all the samples along with that of Agl at 80 °C 
are given in Table 3.1. In a similar study, the doping of Ag2Hgl4 with low 
-94-
amounts of Cd^ ^ results in the increase in ionic conductivity at pre and post 
phase transition [22] but in this work sHght increase was observed at post phase 
transition within solubility limit mentioned above. It is worthwhile to mention 
that the Cd^ ^ doping results in reduction of the phase transition temperature as 
it was observed from DSC results. Moreover, the substitution changes the mode 
of sudden increase of ionic conductivity at the phase transition temperature and 
was found to be less sharp. A second order transition seems to replace the first 
order m these materials [22]. Similar behavior was observed in the system 
Agl-Pbl2-Csl [23]. 
Arrhenius plots of the samples Ag4Pbi.xCu2xl6 are shown in Figure 3.6. 
Ionic conductivity measurements showed higher phase transition temperature in 
Cu-substituted samples which is in agreement with the DSC results. The ionic 
conductivity decreased gradually with increasing Cu"^  ratio in the low 
temperature region while significant enhancement of the conductivity is 
observed at high temperature phase. The equilibrium between the low 
temperature polymorphs, y- and P-, of Agl might not be the main factor which 
control the conductivity magnitude in the low temperature region since no 
changes in the room temperature X-ray diffractograms was observed as in the 
case of Cd-substituted samples. Cu"*^ , which is less mobile than Ag^, 
accumulates in the vacancies available in the lattice of Agl and partially blocks 
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Ag"^  ions motion through these vacancies leading to the overall decease in the 
ionic transport. 
The activation energies calculated from the slope of Arrhenius plot in the 
low temperature region, Table 3.1, reveal enhancement in the activation 
energies of both Cd"^  and Cu"^  substituted series. This directly reflects the 
increase of the potential barrier which is overcome by the mobile ion to hope 
from one position to another. The increase in activation energy in the 
substituted samples is due to the restricted movement of Ag^ ions affected from 
the lattice distortion resulted from the smaller size of the substituent ions [15]. 
The relatively comparable Ea values in each series in the substituted samples 
suggest a common ion-hopping mechanism for the transport [13]. 
In Figure 3.7, our values of ionic conductivity at different temperatures of 
the compound Ag4Pbl6 along with those reported in previous works have been 
depicted. It is observed that our measurements in the low temperature range are 
quite comparable to those reported previously. However, in the high 
temperature region our measurements slightly diverse from the mean especially 
when they are compared with those data measured by impedance spectroscopy. 
At temperature 473 K, our measured ionic conductivity is about two orders of 
magnitude lower than thsOfr. reported in ref. 5; however, the value is in excellent 
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Figure 3.5. Temperature dependence of ionic conductivity of 
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agreement when compared to that of ref. 9 where the measurements have been 
done at IkHz. The activation energy obtamed from our conductivity 
measurements along with those reported previously for this compound are 
presented in Table 3.2. It reveals that our value is comparable to other values. 
3.3.3 Dielectric constant 
The values of dielectric constant have been calculated using the relation 
given in [24], 
e =11.3 C (t/A) (3.3) 
Where C is the capacitance in pF, t and A are the thickness of the pellet in cm 
and its surface area in cm^ respectively. 
The dielectric constant values at 1 KHz are shown as a function of temperature 
in Figure 3.8 for Ag4Pbi.xCdxl6 samples and in Figure 3.9 for Ag4Pbi. 
xCu2xl6ones. The dielectric constant increases with temperature in the entire 
temperature range studied with rapid change at phase transition temperatures. 
The Cd substituted samples x = 0.1 and x = 0.2 have high values of dielectric 
constant at high temperature phase compared to those of pure sample, while 
samples x = 0.3 and x = 0.4 have lower values. This is again attributed to the 
solubility limits of Cd in the system in the high temperature phase. 
Less composition effect is shown in the dielectric constant of Cu-
substituted samples where the various curves are close in the low temperature 
region and almost emerge in the high temperature one. 
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It appears that the behavior of dielectric constant is similar to that of the ionic 
conductivity. This indicates that the ionic conduction is the major factor 
affecting the dielectric constant. At high temperature, the dc conductivity due 
to the hopping of the mobile ions becomes important and enhanced dielectric 
constant results [25]. 
3.4 Conclusion 
Substitution of Pb"^ ^ by Cd^^ in the system (AgI)4/5-(Pbl2)i/5 lowers the 
transition temperature below that of the pure system. The substitution resuhs in 
enhancing the ionic conductivity and dielectric constant of high temperature 
phase within solubility limit. In contrast, the phase transition temperatures of 
Cu"^  substituted samples are higher than that of the pure system in spite of the 
significant enhancement in ionic conductivity of the high temperature phase. 
This method of substitution of immobile cation can be used to improve the 
transport properties of superionic conductors. Stabilizing of the superionic 
phases at lower temperatures can be achieved by careful selection of the 
substituent ion. 
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Figure 3.8. Temperature dependence of dielectric constant of 
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Table 3.1. Activation energies in the low temperature region, phase transition 
temperatures and ionic conductivities at 80°C of Ag4Pbi.xCdxl6 and Ag4Pbi. 
xCu2xl6 samples along with those of Agl for comparison. 
_, , Phase Transition „ , Ionic conductivity at 80^C 
Samples „ ^ ,0r^ ^ Energy / /o -K v i n-6 
*^ Temperature (C) -T-' (Scm )X10 
Agl 147 0.740 1.5 
Ag4Pbi.xCdxl6 
x = 0.0 
x = 0.1 
x = 0.2 
x = 0.3 
x = 0.4 
130 
126 
125 
125 
125 
Ag4Pbi.xCu2xl6 
0.262 
0.5733 
0.597 
0.606 
0.622 
11 
8.9 
6.2 
3.4 
2.0 
X = 0 1 
135 0.420 4.3 
x = 0.2 j3g 0.439 3 ^ 
x = 0.3 ,^g 0.457 3 2 
x = 0.4 ,42 "-"^^ 2.4 
Table 3.2. Comparison of the activation energy of the compound Ag4Pbl6 with 
the values reported previously 
Activation energy (eV) 
Ref. 5 0.359 
Ref. 10 0.496 
This work 0.262 
- 1 0 3 -
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Cficipter 4 
Ionic Conductivity and phase Transition in Cu"^ , Tl^ 
and Cd^^ Substituted CsAg2l3 
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4.1 Introduction 
Superionic conductors are a class of solids that exhibit high ionic 
conductivity which in some cases exceeds to that of the liquid state. The most 
popular group of this class is silver ion conductors in which Ag"^  is the fast 
mobile species. The best representative of this group is silver iodide Agl which 
has high ionic conductivity in its a-polymorph, stable above 420 K. Different 
series of fast ion conductors were derived from this compound by doping it 
with either iso or aliovalent cations in an attempt to improve its transport 
properties by stabilizing the superionic phase at lower temperatures [1-3]. 
Agl-Csl is one such system which was investigated for this purpose. The 
phase diagram of the system was suggested by Bradley and Greene to contain 
two stable compounds at room temperature namely, CsAg2l3 and Cs2Agl3 [4]. 
The structures of the two compounds were resolved by Brink and his co-
workers [5, 6] and by Pettigrosso et al. [7]. Both the compounds were found to 
adopt orthorhombic unit cell with space groups Pbnm and Pnma respectively. 
Ionic conductivity of CsAg2l3 was found to be of an order of magnitude higher 
than that of Cs2Agl3 and that both of them are poor ionic conductors [3]. 
This chapter investigates the structure and ionic conductivity of the 
compound CsAg2l3 and the effect of silver ion substitution by cations of 
different sizes and charges (Cu ,^ Tl^  and Cd^ )^ in an attempt to optimize the 
structure to be more open and improve its transport properties significantly. 
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4.2 Experimental 
Silver iodide was prepared by precipitation form ammonical silver nitrate 
solution using ammonium iodide. Cesium and thallium iodides are from Sigma 
Aldrich USA with stated purity of 99.9%. Cul and Cdl2 were taken from 
Ottockemi and LobaCheme, India; respectively with stated purity of 99%.The 
required amounts were mixed thoroughly using agate mortar and pestle to 
produce the three series CsAg2.xCuxl3, CsAg2.xTlxl3 and CsAg2-2xCdxl3, x = 0-
0.4 . The mixtures were then heated in an electrical furnace at 470 K for three 
days with intermittent grinding. The final materials were crushed to fine 
powders which were of white colour. The produced materials were then kept in 
perfectly closed glass tubes during the annealing process and till the time of 
analysis. Ionic conductivity and capacitance for circular pellets were measured 
at a single frequency of 1 kHz using GenRad LCR Digbridge in the 
temperature range of 303-473 K. The pellet was mounted on stainless steel 
holder between two copper leads using two polished platinum electrodes. The 
copper leads were insulated fi'om the sample holder by Teflon sheets. The 
pellet was annealed between the platinum electrodes for 3 hours at 420 K 
before the measurements to minimize the grain boundary resistance and to 
increase the electrical contact between the pellet and the electrodes. XRD was 
recorded for the materials using RIGAKU /MAX-B diffractometer with CuKa. 
radiations. DSC scanning was traced by Perkin Elmer instrument using alumina 
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as a reference. Impedance spectroscopy at room temperature was performed for 
rectangular pellets pressed under the pressure of 4 tonnes / cm , with carbon 
painted on the two opposite surfaces of the pellets. The measurements were 
carried out using HIOKI3532-50 LCR meter in the frequency range of 40 Hz-5 
MHz. 
4.3 Results and discussion 
4.3.1 X-ray diffraction and DSC 
Room temperature X-ray diffractions of the samples are shown in Figures 
4.1, 4.2 and 4.3. They showed typical diffractograms of the pure CsAg2l3 which 
was reported in previous study [7]. No peaks characterizing P-AgI or Csl were 
observed in any of the diffractograms of Tl"^  and Cu^ substituted compounds 
while substitution of Ag"^  by Cd"^ ^ induced some amounts of Agl and Csl to 
separate from the compound. This is clear from the characteristic peaks of Agl 
at 20 ~ 22.39 and 23.56 as well as of Csl at 20 = 27.40 (Figure 4.3), the 
intensities of these peaks increase with the increasing Cd"^ ^ amounts in the 
system. As a result of this separation the intensities of CsAg2l3 were reduced 
substantially. This phase separation has also been observed by Beeken et al. 
upon the replacement of Ag"^  by Cd"^ ^ in the compound AgsSBr [8]. Lattice 
parameters of the orthorhombic unit cell were calculated using Powderx 
program and were found to be a = 11.069, b = 13.695 and c = 6.200. These 
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lattice parameters are in excellent agreement with those reported previously by 
Brink et al. [6]. No appreciable change was detected in these parameters with 
the type or the amount of the substituent throughout the substitution range 
studied. This result was also found upon the substitution of Ag"^  by Cu^ in the 
compound Ag2Cdl4 [9]. New peak was observed in case of CsAg1.6Tlo.4I3 at 26 
= 26.29° with the intensity comparable to that of the orthorhombic phase. This 
may be explained by the presence of another phase possibly the a-phase of 
CsAgils which is stable at high temperature but it might have been partially 
stabilized at room temperature in this sample. This is consistent with the 
behaviour of ionic conductivity plots which indicate that this phase is getting 
stabilized at lower temperatures with the incorporation of T r ions. 
DSC curves are depicted in Figure 4.4(a, b and c). The pure compound showed 
three peaks, at 124 °C, 193 ^C and 210 '^ C of a (3-a phase transition, eutectic 
and melting point changes respectively which were reported earlier by Bradley 
and Green [4]. The phase transition temperature of Cu and Cd"^ ^ substituted 
appeared at the same position (124 °C) regardless of the substituent amount. 
The phase transition temperature of T^ substituted samples ranged from 90 "^C 
in the sample with x = 0.1, 75 °C in x = 0.2 and 64 ^C in x = 0.4. Hence the 
high temperature phase is getting stabilized with the incorporation of Tl"^  ion 
into the lattice of the compound CsAg2l3. This agreed well with the expected 
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points from conductivity plots and with the X-ray results which indicated the 
possibility of the new peak appeared with the sample x = 0.4 to be related to 
high temperature polymorph of CsAg2l3. 
It is worth noting that the intensities of the DSC peaks are stronger in the 
case of Cd"^ ^ substituted samples compared to the pure or Cu"^  and Tt 
substituted ones. 
4.3.2 Ionic conductivity 
Impedance plane plots of the pure and substituted samples are shown in 
Figures 4.5(a, b and c). The pure compound shows two overlapped semicircles, 
the semicircle in the low frequency side represents the contribution of the grain 
boundary impedance while that at high frequency side can be attributed to the 
bulk contribution [10]. Introduction of Cu"^  mto the lattice of the compound has 
increased the impedance of the grain boundary substantially; however, the 
increase was less in the part of the contribution of bulk impedance. T^ and 
Cd substituted samples show one depressed semicircle, indicating that the 
contributions of bulk and grain boundary can not be separated. The bulk 
resistance (dc resistance) can be estimated from the intercept of the semicircle 
with the X axis. As can be seen from Figure 4.5(b), the bulk resistance of the 
samples reduced substantially in Tl^  substituted samples. Spikes in the low 
4-0 
frequency side are shown for Cd substituted samples and become clearer with 
the increasing concentration of Cd . The ionic motion 
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produces double layer capacitance at the electrolyte-electrode interface 
showing this behaviour in the impedance plot [11]. The dc resistance deceases 
rapidly with the increasing Cd content which indicates increasing ionic 
conductivity. 
The ionic conductivity as a function of temperature at a frequency 1 kHz is 
presented in the Figures (4.6, 4.7 and 4.8)(a), The break in the conductivity 
plots for all samples indicating the occurrence of phase transition. Cu^ 
substituted samples show lower ionic conductivity in the low temperature 
region compared to the pure compound, while in the higher temperature region, 
the effect is minimal and no clear trend is observed. Substitution of Ag"^  by Tl"^  
enhanced the ionic conductivity in low as well as high temperature regions. 
This is expected because the introduction of larger size cation into the lattice of 
CsAg2l3 creates additional available free volume in the lattice which facilitates 
the high mobility of Ag^ ions. While Cu^ is of smaller volume than Ag"^  and 
may cause contraction of the lattice which hinders the ionic motion. This size 
effect has been observed frequently in similar investigations [12, 13]. 
Moreover, Tl"^  is a lone pair cation and hence its presence in the lattice 
enhances the ionic conductivity by the high polarizability of the lone pair [14]. 
The substitution by Cu"^  does not show any change in the phase transition 
temperature of the pure compound which remained constant around 400 K 
regardless of the extent of substitution. This is in agreement with the results 
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reported by Beeken and his co-workers [9, 15] which has become a generalized 
feature of the substitution of Ag"*" by Cu"^  in ternary superionic conductors. 
However, Tl^ substituted samples show decreased phase transition temperature 
with the increasing ratio of T^ and, as shown in Figure 4.7(a), the length of the 
low temperature region is being decreased. Hence the high temperature phase is 
getting stabilized with the introduction of Tf into the lattice. This explains the 
presence of new peaks in the sample CsAg1.6Tlo.4I3 to be related to some 
amounts of a-phase which is stabilized at room temperature and agrees with 
the DSC results which showed decreasing phase transition temperature with 
increasing Tl"^  content in the system. The high temperature a-phase of Til itself 
was stabilized at room temperature by the substitution of Tl"^  with the larger 
size cations Rb"*^  and Cs"^ , however, these results could not be obtained with K^ 
substitution [16, 17]. Phase transition temperature is controlled by the defect-
defect interaction [18, 19]. Therefore, the guest cation which goes to the 
interstitial position will cause stronger interaction when it possesses larger size 
than that of the host cation. 
Sudden increase in the ionic conductivity to values about two orders of 
magnitude are observed at the phase transition temperature of Cd"^ ^ substituted 
samples (Figure 4.8(a)). The conductivity reached a value of about 0.002 Scm'^  
at temperature 430 K in the sample CsAg1.2Cdo.4I3, which allows assigning the 
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phase as superionic conducting phase. This behaviour is not observed in the 
pure sample while it is very clear in the Cd substituted ones. This also 
explains the relative stronger endothermic peaks in the DSC curves of these 
samples compared to the others. The superionic phase obtained in the system 
under investigation can not be attributed to the separated Agl amounts since P-
a phase transition of this compound occurs at 420 K and the usual sharp 
endothermic peak of this transition was not observed in DSC measurements. 
The ionic conductivity increases gradually with increasing Cd ratio in the low 
as well as high temperature regions. Due to the charge compensation 
requirements, every Cd cation replaces two silver ions leading to the creation 
of vacant site in this operation. These added vacancies in the lattice facilitate 
the motion of the mobile ions in spite of their number density decreasing due to 
the substitution. 
The temperature dependence of the ionic conductivity is given by the Arrhenius 
expression 
cTr = cr„exp(-^) (4.1) 
Where (TO is the pre-exponential factor and Ea is the activation energy of the 
ionic motion, which can be obtained from the slope of the plot between log aT 
versus I IT. These values for the pure and Cu ,^ Tl"*" and Cd"^ ^ substituted samples 
have been presented in Table 1. Cu"^  substituted samples show lower activation 
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energies than the pure compound in both low and high temperature regions; 
however, the effect of increasing the substituent ratio is insignificant. This is an 
evidence of the electronic contribution to the total conductivity in these 
compounds. The system with partially ionic and partially electronic 
contribution has no appreciable change in the activation energy and 
conductivity indicates increasing incorporation of the substituent ion [20]. The 
presence of this additional contribution to the conduction process in these 
compounds also explains their low activation energies compared to the pure 
compound. 
Tr substituted samples showed different behaviours in low and high 
temperature regions. While the activation energy increased substantially with 
Tr substitution at low temperature, it decreased at high temperature with 
increasing substituted amount. Activation energies in the low and high 
temperature regions become closer with the increasing Tl^ ratio in the system. 
This is an additional proof of the a-phase stabilization at low temperature as 
can be seen in figure 7(a), the separation between the two regions becomes less 
clear with increasing Tl"^  amount and the curve tends to become flattened. 
4-0 
Introduction of Cd is accompanied by slightly lower activation energies of 
motion. In the low temperature region, the activation energy has decreased 
from 0.482 eV in the sample x = 0.1 to 0.424 eV in x = 0.4. In the high 
temperature region, the decrease was much larger and the activation energy was 
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0.473 eV in the former and decreased to 0.330 eV in the latter. The lower 
activation energy in the high temperature phase can be explained by the 
structural disorder in these compounds. 
Figure 4.9, shows the ionic conductivity values of the compound CsAg2l3 at 
different temperatures from different sources along with our measurements. 
The graphs show that all data agree well in the low temperature region while 
dispersion is observed as the temperature increases beyond 400 K. It is also 
observed that our measurements are agreed more to those reported at 10 kHz. 
The activation energies obtained from these works are also tabulated in Table 
4.2. Again, our results are mostly agreed with that value in which the 
measurements have been done at IkHz and slightly departs from that obtained 
from impedance measurements. 
4.3.3 Dielectric constant 
The values of the dielectric constant were calculated from the measured 
capacitances of the samples at 1 kHz in the temperature range 300-470 K using 
the relation 
e = 11.3C(4) (4.2) 
A 
Where C is the capacitance in pF, / and A are the thickness of the pellet in cm 
and its surface area in cm^ respectively. 
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The dielectric constant plots as a function of temperature of pure and Cu"^ , 
Tl and Cd substituted samples are shown in figures (4.6, 4.7 and 4.8)(b). In 
all cases the dielectric constant increases with the temperature in the whole 
temperature range studied with the rapid increase at the phase transition 
temperature which remained constant in Cu"^  and Cd"^ ^ substituted samples 
while decreased with increasing the substituted amount in T r substituted 
samples. As the temperature rises, the number of thermally activated charge 
carriers increases and the dc conductivity due to the hopping of mobile ions 
becomes important and enhanced dielectric constant results [20]. The dielectric 
constant therefore showed similar behaviour to that of ionic conductivity. In the 
ionic conductors this behaviour is unique since there will be a contribution 
from the ion-jump polarization in addition to the other factors such as 
electronic and reorientation polarizations [22]. Hence, if the ionic conduction is 
high enough, the dielectric constant is expected to show trends of ionic 
conductivity and this has been observed in number of ionic conductors [22, 23]. 
4.4 Conclusion 
It is concluded from this study that Tl"^  substitution improved the transport 
properties of the compound CsAg2l3 by enhancing its ionic conductivity and 
stabilizing the higher conducting phase at low temperatures. In contrast, Cu^ 
substitution did not show any effect other than decreasing the ionic 
conductivity of the compound. This work shows that the high temperature 
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superionic phases can be effectively stabilized at lower temperatures by 
replacing the smaller size mobile ions by larger ones. 
High temperature superionic phase was obtained in Cd"^ ^ substituted CsAg2l3 
system stable above 397 K and having ionic conductivity of -0.002 Scm"' at 
450 K in the sample CsAg1.2Cdo.4I3. The ionic conductivity increases gradually 
with increasing Cd^ ^ concentration in both low and high temperature phases. 
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Table 4.1. Activation energies of Cu"^  and Tl^  and Cd"^ ^ substituted CsAgala 
samples in the low and high temperature regions. 
. Activation energies in pre- Activation energies in post-
^ phase transition region/eV phase transition region/eV 
I \ I 
CsAg2l3 0.057 0.858 
0.762 
0.746 
0.732 
0.725 
0.657 
0.594 
0.587 
0.494 
0.473 
0.366 
0.358 
0.330 
Figure 4.2. Comparison of the activation energy of the compound CsAgils 
with the values reported previously. 
Source Activation energy (eV) 
Ref 24 0.078 
Ref. 3 0.035 
This work 0.057 
CSAgl.9cuo.lI3 
CSAgl.8cuo.2I3 
CSAgl.7cuo.3I3 
CSAgl.6cuo.4I3 
CSAgl.9Tlo.lI3 
CSAgl.8Tlo.2I3 
CSAgl.7Tlo.3I3 
CSAgl.6Tlo.4I3 
CSAgl.8cdo.lI3 
CsAgi,6Cdo.2l3 
CSAgl.4cdo.3I3 
CsAg,.2Cdo.4l3 
0.015 
0.018 
0.019 
0.032 
0.020 
0.101 
0.114 
0.140 
0.482 
0.466 
0.454 
0.424 
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chapter 5 
Ionic Conductivity and Phase Transition 
Behaviour in Cl~ Substituted Ag2Cdl4 
131 
5.1 Introduction 
Ag2Ml4 family are ternary derivatives of silver iodide in which M = Cd"*^ ,^ 
Pb"^ ,^ Zxi^ and Sn"^ .^ These compounds have attracted considerable attention 
[1-3] during the last two decades due to their superionic conduction behaviour 
and the possibility of using them as electrolytes in sensors and microbatteries. 
The most investigated member of this family is Ag2Cdl4. The phase transition 
behaviour of this compound has been studied by Natarajan el al, [4] and Hull et 
al. [5] using DSC and electrical conductivity. The phase transition studies using 
other techniques have also been done [6-8]. The compound adopts tetragonal 
crystal structure (Y-Ag2Cdl4) under ambient conditions with the lattice 
parameters (a = 6,35 A and c = 12.68 A). On heating, it transforms to the 
Hexagonal (3-Ag2Cdl4 with small amounts of (3-AgI and Cdl2 at 407 K. 
Increasing the temperature further leads to the complete dissociation of p -
Ag2Cdl4 to a-AgI and Cdl2 at 447 K. These two transitions are accompanied 
by sudden increase in ionic conductivity. The effect of cation substitution on 
the phase transition and electrical conductivity of each phase was found to be 
greatly dependent on the type and size of the substituent [9, 10]. 
This chapter concentrates on the preparation of the superionic conductor 
Ag2Cdl4 and investigates the effect of substitution of T ion by Cr on the 
electrical and structural properties of the compound. The anion substitution was 
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found to achieve some improvement on the transport properties of the 
superionic conductors [11]. 
5.2 Experimental 
Agl was prepared by the precipitation from ammonical silver nitrate 
solution by the addition of ammonium iodide solution. Cdl2 and CdCl2 were 
taken from LobaCheme, India, with stated purity of 99%. Appropriate amounts 
of the starting materials were mixed to produce the series Ag2Cdl4.xClx where x 
= 0-0.4. The materials were then heated for 6 weeks at 373 K with intermittent 
grinding. This method is preferred over melting the mixture since significant 
dissociation of the compound occurs when it is quenched from high 
temperature. The final powder materials were ground to fine powders which 
were of yellow colour and kept in perfectly glass tubes during annealing 
process and till the time of analysis. Pellets for conductivity and capacitance 
measurements were prepared by pouring different molar ratio mixtures into 
stainless steel die and pressed under the pressure of 4 tonnes /cm^ with the help 
of a hydraulic press. All the samples were annealed at 310 K for 4 hours to 
eliminate any grain boundary effects. The pellet was mounted on stainless steel 
sample holder between two copper leads using two polished platinum 
electrodes. The copper leads were electrically insulated from the holder by 
Teflon sheets. The elecfrical conductivity and capacitance of samples were 
measured in the temperature range of 300 K- 470 K using Gen Rad 1659 RLC 
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Digibridge at a single frequency of IKHz. The heating rate was maintained at 
0.5 K/min. Impedance measurements were performed using HIOKI3532-50 
LCR meter in the frequency rang of 40 Hz-5 MHz, with carbon painted on the 
two surfaces of the pellet. DSC scanning was traced by Perkin Elmer 
instrument using alumina as a reference. XRD was recorded using RIGAKU 
D/MAX-B diffractometer with CuKa radiation. 
5.3 Results and discussion 
5.3.1 X-ray diffraction and DSC 
X-ray diffractograms of Ag2Cdl4 and CP substituted samples are shown in 
Figure 5.1. The X-ray pattern of the pure compound corresponds to the 
standard values reported by Brightwell et al. [2]. The best fit cell parameters 
are obtained by Powderx computer program and found to be (a = 6.352 A and c 
= 12.601 A) which are in excellent agreement with those reported previously 
[2, 8]. These parameters were found to be invariant with the substitution. 
Replacement of I" ion by CI' caused partial dissociation of the tetragonal single 
phase leading to the appearance of additional peaks for Agl and Cdli.The 
intensities of these peaks increase gradually with increasing CI" concentration, 
however the tetragonal phase was observed to be the prominent in the whole 
substitution range studied. This type of partial dissociation was observed in a 
similar study when Br~ was replaced by CV in the compound AgsSBr [12]. 
DSC traces of the pure and 
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substituted samples are shown in Figure 5.2. The pure sample shows the two 
arrests reported previously [5] but with a slight change in the values of 
transition temperatures. The first transition occurs at 384 K and the second at 
442 K. In addition, the substituted samples showed a peak at 415(2), which 
belongs to the (3-a phase transition of Agl. This result confirmed the presence 
of reasonable amounts of pure Agl along with the tetragonal phase in these 
samples. 
The first transition temperatures of the samples are put in Table 5.1. 
Substituted samples show significant decrease in the first transition temperature 
while the second was left unchanged. The intensity of the second transition 
decreases with increasing CP amount. As it is shown in Figure 5.2, the peak is 
very weak in the ratio x = 0.4 which implies the suppression of the second 
transition in this sample. Suppression of the high temperature phase formation 
was also observed in Li"^  and Cu"^  substituted Ag2Cdl4 [9, 10]. Substitution may 
stabilize the hexagonal |^Ag2Cdl4 and hinder its dissociation to Agl and Cdl2. 
5.3.2 Ionic conductivity 
Complex impedance plots of Ag2Cdl4 (Figure 5.3) consists of a semicircle in 
the high frequency part and a long diagonal spike appears in the low frequency 
range. The appearance of the spike in the low frequency range is due to the 
interfacial effects which is an indication of the presence of ion conduction [13]. 
The semicircle deviated from Debye behaviour which implies to the 
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distribution of the relaxation times. This behaviour can be related to two 
reasons; the inhomogeneity of the sample or due to the contribution of other 
processes to the polarization of the sample [14]. Impedance plots of Cr 
substituted samples showed similar behavior but the mtersection of the 
semicircle with the real impedance axes is shifted to the lower impedance side 
which indicates decreasing bulk resistance. However, the decrease was found to 
be minimal upon increasing CI' concentration. 
Arrhenius plots of the conductivity measured at 1 kHz are presented in 
Figure 5.4, where the pure sample shows two phase transitions, the first in the 
temperature range of 373-383 K and the second in the range of 440-450 K, 
which are in good agreement with the DSC results reported above. The two 
phase transitions were observed in the same range in Cr substituted samples, 
however the sudden jump in the case of the second transition observed only at 
lower concentration of CI". At higher concentrations, the increase in the 
conductivity was gradual beyond x = 0.2. This is also consistent with the DSC 
results which showed the endothermic peak corresponds to this transition being 
of low intensity at higher concentrations of CI". The conductivity curves can be 
divided into three regions as shown in Figure 5.4; I, II and III. The substitution 
by c r enhanced the conductivity slightly in the region I, while the conductivity 
has decreased in the regions I and II. Similar but more pronounced effect was 
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found upon substitution by Br~ in Agl [15, 16]. This can be explained by the 
lattice loosening effect due to the substitution by the "wrong" size substituent 
leading to the decrease in the formation enthalpy of the defects, making 
availability of more defects and hence resulting in higher ionic conductivity. In 
the high regions, II and III, substitution by CF suppressed the complete P-
Ag2Cdl4 dissociation to a-AgI and Cdl2 which makes the system lower ionic 
conducting since a-AgI possesses high ionic conductivity. As has been 
confirmed by the DSC results, the substitution stabilized the hexagonal ^ 
Ag2Cdl4. 
An estimate of the activation energy in the low temperature region can be 
made by fitting acquired data to the expression 
ar = cT„exp(-^) (5.1) 
Where Oo is the pre-exponential factor and Ea is the activation energy due to 
ionic motion. 
The activation energies in the low temperature region of pure and CP 
substituted samples are presented in Table 5.1. The activation energy was 
found to decrease with increasing CF concentration which confirms the 
expectation that the potential barrier which should be surmounted by the ion to 
hope from one lattice site to another is reduced as the amount of the substituent 
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increases. The activation energy value obtained for the pure Ag2Cdl4 in this 
work is comparable to the one obtained in a different study [9]. 
The ionic conductivity measurements at IkHz of this work for the 
compound Ag2Cdl4 has been compared in Figure 5.5with other measurements 
which were performed at different techniques. The graphs show that the data of 
this work is quite satisfactory and falls within the standard deviation from the 
mean. The confidence in these measurements increased when we observe the 
excellent agreement between them and those obtained from impedance 
technique. The activation energies obtained from these sources and that from 
this work are presented in Table 5.2. The values vary over the range 0.280 -
0.612 eV, with 0.432 as the estimated mean, which is in excellent agreement 
with the value obtained in this work, 
5.3.3 Dielectric constant 
The dielectric constant was calculated from the measured capacitance at 1 
kHz using the formula 
e = n3C(-) (5.2) 
A 
Where C is the capacitance in pF, t and A are the thickness of the pellet in cm 
and its surface area in cm respectively. 
The logarithm of dielectric constant as a function of absolute temperature is 
depicted in figure 5.6. Gradual increase in the dielectric constant is observed in 
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Figure 5.5. Ionic conductivity from different resources for the compound 
Ag2Cdl4, as function of temperatures. 
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the low temperature region without any sudden change. The increase levels off 
at temperatures well above the first transition temperature of the samples 
followed by almost constant dielectric constant with temperature and then 
sudden rise begins with the second transition temperature. However, the sudden 
change turns to gradual change with increasing CI" concentration. 
Various factors contribute to the values of dielectric constant; electronic, 
orientation and ion hoping polarization [17, 18]. These factors are expected to 
play their roles in the low temperature region which makes slight change in the 
behaviour from that of the ionic conductivity. While in the high temperature 
region (after first transition temperature), the structure gains relatively higher 
degree of disorder and the ion hopping becomes the main contributing factor 
resulting in the similarity observed between the behaviours of dielectric 
constant and ionic conductivity. 
5.4 Conclusion 
The effect of chloride substitution on the structure and electrical conductivity 
of the compound Ag2Cdl4 has been investigated. Chloride substitution has 
promoted the separation of traces of Agl and Cdl2 from the low temperature 
phase. The first transition temperature was found to be dependent on the 
composition and decrease with increasing Cr content. The second transition 
temperature was found to be independent of CI" substitution and the associated 
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sudden increase in the conductivity turned to be gradual at higher 
concentrations of CP. 
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Table 5.1. First transition temperatures and activation energies in the low 
temperature region (I) of Ag2Cdl4.xClx samples. 
Sample First phase Transition Activation Energy in the 
Temperature CC) Low Temperature 
Region, I /eV 
^ I 
Ag2Cdl4 111 0.489 
Ag2Cdl3.9Clo., 106 0.487 
Ag2Cdl3.8Clo.2 102 0.483 
Ag2Cdl3.7Clo.3 97 0.475 
Ag2Cdl3.6Clo.4 93 0.463 
Table 5.2. Comparison of the activation energy of the compound Ag2Cdl4 with 
the values reported previously 
Source Activation energy (eV) 
Ref. 10 0.417 
Ref. 5 0.612 
Ref. 9 0.280 
This work 0.489 
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